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Primary open angle glaucoma (POAG) preferentially damages the magnocellular (M) 
pathway that in turn mediates motion perception. By presenting motion stimuli of 
small size, previous studies have demonstrated that motion perception is significantly 
impaired in glaucoma.  Since glaucoma damages an extensive area of the visual field, 
it is critical to understand the deficits of glaucoma patients in processing visual motion 
information in large field vision.  Indeed, this processing is critical for postural control 
and the perception of 3-dimensional (3D) space.  Hence, these two issues viz., postural 
control and perception of 3D objects were investigated in this thesis. Also, whether 
these deficits occur prior to glaucoma diagnosis was explored.  Three experiments 
were carried out to investigate the above issues. 
 
In the first experiment, the primary objective was to evaluate the trajectories of head 
sway and centre of pressure (COP) of feet sway while standing, in young healthy 
subjects.  The second objective was to determine the appropriate parameter (velocity 
or position) that yields the lesser variability and more consistent measurements of 
visual stabilization of posture.  The data was recorded simultaneously for both 
methods.  The experimental results obtained indicate that the trajectories of head and 
COP of feet sway are similar and the measurement of stability using velocity presents 
much less variability than the position. Therefore the COP of feet velocity was used to 
study postural sway in glaucoma patients. 
 xiv
 
In the second experiment, the postural stability in standing position was measured in 
POAG and age matched normal subjects while viewing a visual display that subtended 
a visual angle of (180 × 90 deg).  The visual contribution to posture stabilisation was 
analysed. It was found that it decreases significantly as the severity of visual field 
damage increases. Our results suggest that this decrease in stabilization occurs 
possibly prior to the onset of field defects in ocular hypertensives1, which is in 
agreement with an early loss in the processing visual motion input. The results reveal 
no visual destabilization effect in the population considered, but some amount of 
visual stabilisation of posture is maintained at all levels of glaucoma. 
 
In the third experiment, the ability to perceive the 3D shape of objects in large field 
vision from motion parallax (MP) versus static texture (ST) cues was assessed by 
using computer-generated surfaces that were presented at various eccentricities 
(central field or peripheral field). The perception of 3D shape from MP and ST cues is 
significantly impaired in glaucoma.  This impairment is uniform for ST cues, but 
affects more specifically the peripheral field for MP cues. This suggests that the losses 
in motion processing are more specific in the peripheral field than in the static cues.  
 
The results from these experiments indicate an early loss in motion-based performance 
for posture and 3D-shape perception. The loss in 3D-shape perception follows the 
typical imbalance in the peripheral and central field defects that is a characteristic of 
                                                 
1 Eyes with high intra-ocular pressure (IOP) and no visual field defects. 
 xv
POAG.  Hence the results support the hypothesis of preferential M losses in glaucoma, 
at the early stage of the pathology and point to the need for preventive actions against 
risks during locomotion (like walking, staircase descent) or driving, in the follow up of 
early POAG patients. 
 xvi
C h a p t e r  1  
1 INTRODUCTION 
 
Motion perception is one of the most phylogenetically well-conserved visual functions.  
It is one of the cardinal aspects of vision, that is, on par with colour perception, 
brightness perception, etc.  Motion perception helps us to perform skilled actions, such 
as moving through a crowded place or driving a vehicle.  Most important of all, it 
provides information for normal and safe functioning of living beings.  In the early 20th 
century it was reported that the perception of motion might be a function of an area 
outside the primary visual cortex (Riddoch, 1917). Today this idea has received 
objective support and modern neuroscience has led us to understand better the 
processing of motion information within the visual system. 
 
In the past two decades, there has been an explosion of information about the anatomy 
and electrophysiology of cortical visual areas.  The evidence obtained from these 
studies support the view that motion is processed mainly along a specialised visual 
pathway called the dorsal pathway or “where” pathway (De Yoe & Van Essen, 1988) 
or “action” pathway (Goodale & Milner, 1992) which terminates in the parietal 
cortical area.  One of the most intensively studied areas in this pathway is the medial 
temporal (MT) area also named the visual area 5 (V5).  Neurons in the primate MT 
show a marked directional selectivity in comparison to striate and other extra striate 
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areas, suggesting a special role of this area for motion processing  (Zeki, 1974; 
Maunsell & Van Essen, 1983; Albright et al, 1984).  In addition, the evidence of a rare 
clinical case reported by Zihl and colleagues (1983) of a brain damaged patient who 
was grossly deficient for any task that required the perception of motion, supports the 
view that motion perception is a function depending on neuronal mechanisms beyond 
the primary visual cortex (V1). 
 
Primary open angle glaucoma (POAG), is an ophthalmic disorder characterised by a 
typical pattern of field defects, a glaucomatous optic atrophy, and an elevated 
intraocular pressure (IOP) in the presence of an open iridocorneal angle.  So far, in 
POAG there is no evidence of any damage at the cortical level.  However, a number of 
histo-pathological studies dating from the 1980’s suggest that the pathology extends 
from the retina to the lateral geniculate nucleus (LGN).  From, these studies it is 
concluded that POAG seems to affect predominantly the magnocellular subcortical 
visual pathway (Shabana et al, 2003), which projects mainly on the dorsal visual 
pathway, and mediates motion perception. Indeed, several studies (Joffe et al, 1997, 
Wall & Ketoff, 1995 and Wall et al, 1997) have demonstrated strong deficits in visual 
motion perception in POAG and ocular hypertension (OHT) by presenting motion 
stimuli localized at different eccentricities.  These studies reveal that the loss in motion 




Ever since the pioneering work done by Gibson (1950) it has been recognized that 
large-field visual motion (also called optic flow2) is important for the control of 
posture, for navigation, and for the perception of our 3-dimensional (3D) environment.  
There is ample evidence that optic flow contributes significantly to the maintenance of 
postural stability as any alteration in its input would result in loss of balance (Lee and 
Lishman, 1975; Nashner and Berthoz, 1978; Di Fabio and Anderson, 1993).  Motion 
parallax3 as induced by natural body and eye movements can yield an accurate 
perception of 3D objects (Cornilleau Pérès and Gielen, 1996).  Many other authors 
(Rogers & Graham 1979, Braunstein & Anderson, 1981) have demonstrated that 
accurate perception of 3D shape is possible even when the situation is reversed (i.e., 
the object is set in motion and subject is stationary).   
 
It has been demonstrated that the neurons involved in the analysis of the optic flow 
(Tanaka et al, 1989; Duffy & Wurtz, 1991) and motion parallax (Sakata et al, 1997; 
Bradley et al, 1998) are located in the medial superior temporal (MST) area of the 
dorsal visual pathway.  This area receives a major input from the magnocellular 
pathway through area MT (Van Essen et al, 1981). 
                                                 
2 Optic flow is defined as the pattern of retinal motion that is generated as a result of relative motion between the 
observer and the environment. 
3 Motion parallax is defined as the spatial variations of image velocities over the retina 
 3
 It is known that glaucoma patients have stereovision deficits (Bassi et al, 1991).  
Therefore, superimposed significant monocular deficits in perception of depth can lead 
to serious consequence for all actions that requires perception of depth either from 
motion or static cues. 
 
In regular clinical practice, the visual acuity, the intra-ocular pressure, evaluation of 
optic nerve head for cupping, cup/disc ratio and visual fields are the most important 
part of the examination performed routinely to diagnose and to determine the 
progression and severity of glaucoma damage.    
 
Patients usually consider visual acuity as the major factor of visual impairment, 
however in glaucoma visual acuity may remain stable for a long period in the disease 
process. Orientation and moving depends upon the visual field, whereas a loss of 
macular function mainly impairs reading. Dolezal (1982) wore tubes that restricted 
the field of view to 12 deg for a period of 6 days and a total of 71 waking hours.  He 
found that performance was affected in many ways: there was difficulty in keeping 
moving objects in the field of view; more head movements were required for 
orientation and visually guided actions; and equilibrium was difficult to maintain 
during walking.  
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Falling is a major risk in the elderly, a population who are also highly affected by 
glaucoma. Vision problems increase the risk of falling (Tinetti et al, 1988). The 
measurements of postural sway can be an index for evaluating the risk of falling due 
to postural imbalance (Overstall et al, 1977; Fernie et al, 1982). Therefore our results 
clearly point to the need for improving the prevention of falls in glaucoma patients, 
and warning them about the existence of the risks related to walking and driving. 
Indeed, these patients often keep a fairly good ability to read, which makes them 
particularly unaware of the risks related to their visual deficits. 
 
Since glaucoma damages preferentially the magnocellular pathway it can result in 
significant behavioural deficits, for tasks such as maintaining posture and perception 
of 3D objects from motion.   Such deficits may lead to an increase risk of falling 
(Tinetti et al, 1988), which is a critical question for glaucoma patients, who are already 
at risk due to their age (typically 45-70 years).  Findings related to these issues have 
never been addressed before to the best of our knowledge, although perception of 
motion is known to be impaired in glaucoma.  
 
1.1 Objective of the Study  
 
Since visual motion processing is critical for perception of 3D shape and control of 
posture, it has motivated us to investigate postural stability and perception of 3D 
objects using large field vision in primary open angle glaucoma.  
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Our main objective therefore was to investigate and understand the consequence of 
POAG on perception and postural control.  Therefore we conducted two main 
experiments as follows: 
• one to measure the postural stability in standing subjects and 
• to assess their ability to perceive 3D shape from motion and static cues in the 
pilot study 
 
1.2 Thesis Organisation 
 
The next Chapter 2 provides comprehensive background information that is required to 
understand the thesis more thoroughly.   First an overview of the anatomy and 
physiology of the visual pathways followed by the psychophysics, neurophysiology 
and functional roles of motion perception is presented. In particular the role of motion 
in perception of 3 dimension (3D) objects and in the control of posture is discussed. 
Later, the visual pathways that are damaged in POAG and its effects on the perception 
of motion is presented.  It forms a link to the possible functional impairments that may 
be expected in glaucoma. In chapter 3, an experiment is described which evaluates the 
postural stability in 8 subjects with normal vision by using two different methods viz. 
center of pressure (COP) of feet sway and head sway. The data for these two methods 
was recorded simultaneously, and the accuracies of the two methods are compared. 
Chapter 4 describes the experiment on postural stability conducted on 36 POAG 
patients and 21 subjects with normal vision. The data was recorded in the standing 
subjects while viewing a large visual display and the effect of vision on stabilization 
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was analyzed. Chapter 5 deals with 3D-space perception. Two experiments were 
conducted to evaluate the ability to perceive 3D shape of objects from motion parallax  
(MP) versus static texture (ST) cues in a large field subtending a visual angle of (60 
deg).  In experiment 1, the performance in 3D-space perception in 8 young subjects 
was compared with 5 elderly subjects with normal vision.  In experiment 2, the 
performance of 10 POAG patients was compared to 5 subjects with normal vision. 
Chapter 6 deals with discussion, conclusion and future directions for research and 
clinical developments. 
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C h a p t e r  2  






Most of our ideas about the world and our memory of it are based on sight.  How do 
we see, perceive the movement of objects in space and distinguish colors?  Visual 
perception is achieved by processing information from the retina to the striate and 
extrastriate cortex, by neurons with receptive field properties that range from simple to 
complex. Recent studies (Van Essen et al, 1992, Ungerleider and Mishkin, 1982) 
suggest that different areas of the visual cortex respond to different perceptual 
attributes of objects such as motion, form or color.  Each of these areas receives 
special information carried along partly segregated pathways. 
 
It is known that retinal fibers project directly to the three sub-cortical regions: the 
pretectal area of the midbrain, the superior colliculus and the lateral geniculate nucleus 
(LGN). The pretectal area of the midbrain uses inputs from the retina to produce 
pupillary reflexes, whereas the superior colliculus uses its input for the generation of 
eye movements and sensorimotor coordination. In addition there are more targets of 
retinal ganglion cells viz., the suprachiasmatic nucleus, the pregeniculate nucleus and 
the nuclei of the accessory optic tract.  In this thesis not much emphasis is given to 
these pathways, though they are important in understanding the symptomatology of 
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certain blindness, and in eye movements. In primate retina, the LGN receives the 
major (about 80%) projection from the retinal ganglion cells, and processes the visual 
information necessary for visual perception. Apart from the ganglion cells there are 
other cell types that project to the LGN: the epsilon, gamma, P-Giant which belongs to 
the Konio channel (Rodieck and Watanabe, 1993).  The focus of the thesis is mainly 
on this pathway.  In the following paragraphs an introductory overview of the primate 
visual system is presented.  
 
2.2 Magnocellular and Parvocellular Subcortical Visual Pathways 
 
The primate retina contains possibly 20 or more different types of ganglion cells (Kolb 
et al, 1992). The in-vitro preparation of primate retina shows three types of ganglion 
cells that project to the lateral geniculate nucleus (LGN): the parasol, midget and small 
bi-stratified cells (Dacey, 1994), Pα and Pβ being the commonly used abbreviation for 
the parasol and midget cells (Perry et al, 1984).  The morphology, physiology and 
central projections of these cells have been well studied in primate retina (Dacey, 
1992; Watanabe et al, 1989; Yamada, 1996).  The parasol ganglion cells have a larger 
dendritic field and cell body size than the midget ganglion cells at any given 
eccentricity.  The small bi-stratified ganglion cells tend to have larger dendritic field 
diameters than the midget cells and smaller than the parasol cells (Watanabe, 1989).   
For all cells, the retinal ganglion cell size correlates with the axon diameter and 
eccentricity (Perry et al, 1984, Perry, 1982).  The relative spatial density of the three 
ganglion cells is shown in Figure 2.1.  
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 Perry et al (1984) used retrograde Horse-radish peroxidase (HRP) labeling to illustrate 
that the large majority of Pα cells in the retina project to the magnocellular layers of 
the LGN, while the large majority of Pβ  cells in the retina project to the parvocellular 
layers of the LGN.  Thus it has become a common practice to refer to the retinal 
ganglion cells by their putative connections to the LGN, i.e. parasol cells as 
magnocellular (M) cells and midget cells as parvocellular (P) cells (Anderson and 
O’Brien, 1997; Morgan, 1994; Glovinsky et al, 1991).  For the sake of consistency we 
will adopt this practice and refer to the parasol and midget ganglion cells as M and P 
cells respectively although we note that it is possible that not all parasol cells and 
midget cells make these connections. 
 






Figure 2.1: Relative spatial densities of three ganglion cell types of the retinogeniculate 
pathway.  The densities of midget, parasol and small bi-stratified ganglion cells were 
estimated from measurements of dendritic field diameter and dendritic coverage. One 
degree of eccentricity corresponds to 0.3mm on the retina. (Adapted from Dacey 
(1994) in Higher-order processing in the visual system, Ciba foundation symposium 
184) 
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There is some evidence that a third class of cells, the small bi-stratified cells (Dacey, 
1999, 1994) project to the koniocellular (K) layers of the LGN, in parallel with the 
parasol and midget cells (Martin, 1997; Dacey, 1999).   The bottom part of Figure 2.2  
summarizes the current view of ganglion cell projections to the LGN.  This picture 
should not be considered as complete, because the details of most other ganglion cell 
type are still not known. 
 
There are considerable differences in the physiological properties of the two pathways. 
The M cells have higher contrast sensitivity than P cells (Kaplan & Shapely, 1986; 
Purpura et al, 1988).   The conduction velocity of M pathway is   faster than P pathway 
(Dreher et al, 1976; Marrocco, 1976; Schiller & Malpeli, 1978).     The time course of 
the response in the M pathway tends to be transient, whereas it is more sustained in the 
P pathway (De Monasterio & Gouras, 1975; Hicks et al, 1983; Schiller et al, 1990).  
The M cells are sensitive to high temporal and low spatial frequency stimuli and P 
cells are sensitive to low temporal and high spatial frequencies (Derrington & Lennie, 
1984; Hicks et al, 1983).  The M pathway responds to broad-band light of different 
wavelength, whereas the P pathway mediates visual acuity (Merigan et al, 1991) and 
color (Derrington & Lennie, 1984; Merigan, 1989;  Schiller et al, 1990).     Recent 
research indicates that blue-yellow color is mediated by the small bi-stratified ganglion 
cells and red-green color by the P ganglion cells (Dacey, 2000).   However, this point 
is still debated, there is one school of thought that maintains that the true colour signal 
in the red-green opposition may be carried by type II cells and it is not impossible that 














































Ventral Pathway Dorsal Pathway 
Figure 2.2: A simplified view of the visual pathways from retinal ganglion cells to the 
higher levels of the cerebral cortex.  The projection of the M cells in the retina to the M 
layers of the LGN forms the magnocellular pathway. Similarly the projection of the P 
cells in the retina to the P layers of the LGN forms the parvocellular pathway.  The 
axons of the magnocellular and parvocellular layers of LGN project to layers 4Cα and 
4Cβ of the primary visual cortex (V1).  The recently recognized small bi-stratified cells 
project to the koniocellular layers of LGN.  The dorsal (parietal) visual pathway 
proceeds from primary visual cortex and ends in the parietal cortex. The ventral 
(temporal) visual pathway also proceeds from the primary visual cortex and ends in the 
temporal cortex.  Note that in spite of an early segregation of the M and P projections, 
the parietal and temporal pathways present a complex pattern of connections.   M Cells 
(magnocellular ganglion cells); P Cells = parvocellular ganglion cells;  LGN =lateral 
geniculate nucleus; Magno = magnocellular layer; Parvo = parvocellular layers; Konio 
= koniocellular layers;  V1 =primary or striate visual cortex; V2, V4 and MT (medial 
temporal area) are cortical extrastriate areas. MST =medial superior temporal area, PIT 
=posterior inferotemporal area. (Modified from Merigan and Maunsell, 1993) 
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2.3 Dorsal and Ventral Cortical Visual Pathways 
 
The axons from the M layers of the LGN project to the lamina 4C-α of the primary 
(striate) visual cortex (V1), while the axons from P layers project to layer 4C-β (Perry 
et al, 1984). Thus, the M and P visual pathways from the retina to the LGN remain 
clearly separated up to the level of V1.  Subsequently, at the level of cortical 
processing, the segregation is only partial (Merigan and Maunsell, 1993).  However, 
two pathways dominate the complex network of connections in the visual cortex: the 
dorsal and ventral visual pathways (Ungerleider & Mishkin 1982, Van Essen et al, 
1992) (refer Figure 2.2). The dorsal visual pathway starts from V1 via the thick stripe 
regions of V2, mainly to medial temporal (MT) area that is specialized in motion 
processing and to areas in the posterior parietal cortex.  It receives a major contribution 
from the M pathway (Merigan & Maunsell, 1993). The area MT in turn projects to the 
medial superior temporal (MST) area that also plays a role in motion processing (Van 
Essen et al, 1981; Tanaka et al, 1989).  The ventral visual pathway starts from V1 via 
the thin and interstripe regions of V2, mainly to V4 (specialized in color processing) 
and to areas of the inferotemporal cortex (IT). It receives a major contribution from the 
P pathway.  
 
The recent paper by Sincich and Horton (2002) shows that layer 4B and interblobs 
project to the thick and pale CO bands in V2. Given the dense input of M into layer 
4B, this sends a M signal into the pale CO bands which relay to the ventral pathway 
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through V4. Also it is  clearly shown that V4 is equally driven by M and P LGN 
layers (Ferrera et al, 1994). 
 
In spite of this gross functional specialization, the dorsal and ventral visual pathways 
should not be considered as a simple prolongation of the M and P subcortical streams, 
because these pathways are interconnected (Morel and Bullier, 1990).  There is 
evidence  of a moderate P input to cortical area MT (Maunsell et al, 1990) and also M 
input to V4 (Ferrera et al, 1994).  In conclusion, the dorsal pathway is clearly 
dominated by M input and the ventral pathway is driven by both M and P inputs 
(Ferrera et al, 1994).
 
The dorsal visual pathway plays a prominent role in motion perception, spatial 
localisation and sensory motor coordination (Van Essen et al, 1992), whereas the 
ventral visual pathway is involved in the visual identification of colors, patterns or 
objects (Ungerleider and Mishkin, 1982). Therefore this differentiation in functional 
role has led to name these pathways as "where" and "what" pathway for dorsal and 
ventral pathways respectively (De Yoe and Van Essen, 1988).  
 
The perspective proposed by Goodale and Milner (1992) with regard to the functional 
roles of the visual pathways is to place less emphasis on the perceptive task 
(localization vs recognition), but to take into account the goal of this task. In this 
context they suggested that the ventral visual pathway plays a major role in the 
perceptual identification of objects and the dorsal stream mediates the required 
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sensorimotor transformations for visually guided actions directed at such objects. 
Hence the alternative names for the ventral and dorsal pathway are the "perception" 
and "action" pathways respectively.   A simplified view of the dorsal and ventral 











Figure 2.3: Schematic representation of the dorsal and ventral cortical visual pathways 
on a simplified view of the left hemisphere of a rhesus monkey.  The dorsal pathway 
starts from the occipital lobe (OL) and ends in the inferior parietal lobe (IPL).  The 
ventral pathway starts from (OL) and ends in the inferotemporal cortex (IT). The 
positions of primary visual cortex (V1), medial temporal lobe (MT), IPL located within 
the posterior parietal cortex are indicated. 
2.4 Physiology of Motion Perception 
 
The neuronal bases for processing motion information have been demonstrated  
• by neuro-anatomical studies 
• in a brain damaged patient  





2.4.1 Neuro-anatomical Studies 
 
 
Single cell recordings provided an entirely new source of evidence for the existence of 
motion sensitive mechanisms.  Hubel and Wiesel (1959, 1978) recorded action 
potentials from neurons by penetrating the primary visual cortex with electrodes 
oriented either perpendicularly or obliquely to the cortical surface. It was discovered 
that most cortical neurons responded best to moving lines or bars with specific 
orientations and specific directions. It was also demonstrated in another study by 
extracellular recordings in rhesus monkeys that direction selective neurons exist in the 
striate cortex (Movshon et al, 1985).  Since the early discovery of direction selective 
cells by Hubel and Wiesel in the primary visual cortex of the monkey, many electro 




In this regard much attention is focused on area MT and MST. Newsome and Pare 
(1988) used random dot kinematogram to train monkeys to detect motion direction, 
while simultaneously monitoring the firing of a MT neuron. The monkey was able to 
detect movement even if only 1-2% of the dots moved in a particular direction. 
However, if area MT was lesioned, the monkey's ability to detect the direction of 
movement was considerably decreased (Pasternak & Merigan, 1994). Other sources 
also indicate that abundant cells in area MT respond selectively to the direction of 
movement (Merigan and Maunsell, 1993; Zeki, 1974).  
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Many authors have reported that the area MST also has a high concentration of 
directionally selective neurons (Ungerleider and Desimone, 1986; Tanaka et al, 1989; 
Van Essen et al, 1981). Tanaka et al (1989) proposed that each cell in dMST area that 
is responsive to a particular motion trajectory integrates neuronal inputs from an array 
of MT cells of appropriate directional tuning distribution of neuronal receptive fields.    
The dorsal medial region of MST (dMST) is characterized by neurons with large 
receptive fields that respond best to optic flow information in large field (Duffy and 
Wurtz, 1991, Duffy, 1998). What is interesting is that they do not respond to 
unidirectional motion, as neurons in MT, but to variations of this motion over the 
visual field, such as the expansion/contraction, or the rotation of the stimulus. 
Therefore, both MT and MST are probably involved in optic flow analysis. A possible 
scheme proposed by many authors is that MT neurons analyse the optic flow locally, 
and send their inputs to MST which is able to perform an analysis of the optic flow in 
terms of its 3D content such as translation in depth rotations (Tanaka et al, 1989). 
 
2.4.2 Neuronal base of motion perception in a brain damaged patient 
 
 
A patient with a vascular disorder of the brain had bilateral brain damage affecting the 
lateral temporo-occipital cortex, an area of the brain that was largely superior to the 
size of monkey's area MT (Zihl et al, 1983).  Vision was normal according to standard 
visual tests (for example visual acuity and color vision). For any task requiring the 
perception of movement, however, the patient was grossly affected. Foremost was a 
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deficiency in self-locomotion and the processing of real moving objects such as 
pouring coffee into a cup because the fluid appeared frozen and conversing with others 
because of an inability to read facial expressions.  This clinical case led to the 
hypothesis that motion is processed in area MT for the reason that it was demonstrated 
for the first time that visual motion processing could be specifically impaired 
(Newsome and Pare, 1988) that is independent of form perception. Second, the 
localization of the lesion supports the existence of a human equivalent to the primate 
areas MT and MST (Tootell et al, 1995; McCarthy et al, 1995). 
 
 
2.4.3 Neuronal base of motion perception studies  
 
 
Functional magnetic resonance imaging (fMRI) has, in recent years become one of the 
most successful tools for the study of cerebral function. It is based on measurement of 
changes of the cortical blood oxygenation level (Ogawa et al, 1992). The fMRI has the 
capability of following the cortical events in real time. 
 
Compelling evidence for the cortical specialization of motion perception comes from 
recent Positron Emission Tomography (PET) studies involving human subjects. It has 
been demonstrated that MT/V5 is more active when a human subject views a moving 
object than while viewing a stationary object (Watson et al, 1993; Corbetta et al, 
1990).  Another study using fMRI demonstrates that voluntary attention to a moving 
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visual objects activates either the primary visual cortex or the area MT/V5, depending 
on whether local or integrated motion is being attended to (Miyauchi et al, 1996). A 
region of the cortex that is specifically active for motion stimuli has been named 
hMT+ by reference to monkey studies. However, it is not known whether this is a 





In summary, visual motion processing includes at least two stages of analysis.  In the 
first stage, local components of motion are supposed to be measured in the area V1 
and area MT.  In the second stage, the locally measured signals are integrated in area 
MT, if they are regarded as properties of a single object (Movshon et al, 1985). The 
presence of neurons selective to different types of motion in areas MT (Movshon et al, 
1985) and MST (Duffy & Wurtz, 1991) of the dorsal visual pathway suggest that these 
areas play an important role for the analysis of visual motion. However, it should be 
noted that there are other pathways involving motion processing, including subcortical 
pathways, and their relative importance has yet to be determined as a function of the 
task. In addition there are also abundant feedback connections in the visual pathways 
whose function has yet to be elucidated (Hupe et al, 2001, Girard et al, 2001). In brief 
we may conclude that the special cortical sub-system for processing motion is from 
retina to LGN to primary visual cortex (V1), to areas in extrastriate cortex (MT, MST).  
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2.5 Functional Roles of Motion Perception 
 
Duffy (1998) has suggested that the neurons in area dMST differentiate optic flow that 
results from either self-movement or the movement of the large objects near the 
observer. The area MST receives projections from area MT, and area MT in turn 
depends on the input from M pathway.  Therefore, it implies that the M pathway plays 
a major role in feeding visual motion (optic flow) input to cortical areas to 1) maintain 
postural stabilization that is generated due to self motion in a standing subject and      
2) perceive the 3D structure of large moving objects.  
 
2.5.1 Proprioceptive Role of Motion Perception 
 
 
Visual motion information is critical for navigation in the environment as it carries 
proprioceptive information about the location, orientation and movement of our body 
(self-motion).  It therefore helps in visuomotor control of actions such as the control of 
posture, locomotion, and driving. 
 
2.5.2 Exteroceptive Role of Motion Perception 
 
 
Visual motion perception plays an exteroceptive role in providing information about 
the position of objects in space by determining the depth and distance perception. 
Motion vision (through motion parallax) is a critical cue for depth perception (see 
section 2.6.1). 
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2.5.3 Motion as a Stimulus to Drive Eye Movements  
 
 
Ever since the important experiments by Rashbass (1961), it has been recognised that 
saccadic and pursuit eye movements are driven by velocity signals. Saccadic eye 
movements shift the fovea rapidly to a target spotted at the periphery and pursuit eye 
movements hold the image of a moving target on the fovea. 
 
The focus of this thesis is to investigate two functional roles of motion perception in 
glaucoma patients. One is the proprioceptive role of motion perception that maintains 
postural stability and the other is the exteroceptive role that involves the perception of 
3D shape from motion. Therefore the following pages provide the necessary 
information to understand the importance of visual motion information in the control 
of posture and in perception of 3D shape of objects from motion parallax.  
 
2.6 Depth Perception in the Human Visual System 
 
The human visual system makes use of many different cues from the retina to extract 
3D information. These cues include stereopsis, motion parallax and static (pictorial) 
cues. The static depth cues such as size (familiar or relative size), interposition, linear 
perspectives (converging parallel lines at a distance), distribution of shadows and 
illumination and texture gradient are of critical importance in depth perception. 
 
 21
2.6.1 Motion Parallax as a Depth Cue 
 
Motion parallax is a kinetic monocular depth cue that reveals the 3D structure of the 
scene to the visual system. When we move, nearby objects seem to move quickly, in 
the direction opposite to our own movements, whereas distant objects have a lower 
apparent velocity and seem to move slowly (Figure 2.4) leading to perception of depth.  
 
As early as 1886, Helmholtz recognized that the relative motion between objects and 
the observer provides a strong cue for the extraction of depth relations. He illustrated 
this statement by an example, which has since become famous.  When you are 
standing in a dense forest with one eye closed, the 3D layout of the trees is not well 
perceived.  However, when you start moving your head, the relative positions in depth 
of the elements in the visual scene appear vividly.   Apparently, human beings use 









Figure 2.4: Motion Parallax.  If we are moving from left to right past three trees that 
are at different distances, while fixating the center one, the near tree appears to move in 
the direction opposite to our direction of movement, and the far tree appears to move in 
the same direction we are moving (dashed lines) 
However, it was not until the time of Gibson (1950) that more attention was given to 
motion parallax as a source of depth information. Wallach and O’Connell (1953) in 
their pioneering work demonstrated that motion parallax could be used as a depth cue 
in the absence of form recognition in individual images. This isolation of motion 
parallax is important, because it is in agreement with the idea that motion is a visual 
primitive that can be processed independently from form and contrast. Since then, 
many   psychophysical experiments   have added to the evidence that motion parallax 
is indeed a critical cue in the perception of 3D structure of objects either due to self 
motion or object motion (Rogers and Graham, 1979; Cornilleau-Pérès and Droulez, 
1994). In one-eye enucleated patients, head movements can supplement stereoscopic 
depth perception (Marotta et al, 1995; Gonzalez et al, 1989) by inducing motion 
parallax cue. 
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 Dijkstra et al (1995) demonstrated the human ability to obtain 3D structure from 
motion parallax either due to self-motion or object motion (Figure 2.5).  This 
experiment was conducted in small field (8 deg) and large field (90 deg) vision. For 
small field stimulation performance varied across visual conditions (object motion 
versus self motion). This was not the case in large field stimulation, where 
performance was similar for all conditions. The author interpreted this result as a 
consequence of the accuracy of the ocular pursuit, which depends on the source of 
motion (self-motion or object-motion) in small field, but not in large field. Hence this 
study indicates that eye movements play a critical role in the perception of 3D shape 



























Figure 2.5: Experimental Conditions (A) Condition SM (self-motion).  Head-
translations are transmitted to the graphic station on which is simulated the motion 
parallax due to dotted surface.  (B) Condition OT (object-translation).  The head-
translation recorded in condition SM is used to translate the surface in front of the 
stationary subject.  (C) Condition OR (objection-rotation).  The translations used in 
condition OT are combined with rotations around the subject’s eye.  The resulting 
surface movement is a rotation around point K. (Adapted from Cornilleau-Pérès & 
Dijkstra  (1994)). 
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2.6.2 Depth Perception from Stereopsis and Motion Parallax  
 
It is known that depth perception is greatly enhanced by the use of the differences 
between the two binocular images. This depth cue is called stereopsis and is another 
important cue for depth perception.  Some literature studies related to stereopsis are 
discussed below.  
 
It has been reported that the two cues (motion parallax and stereopsis) provide a 
similar depth sensitivity and shows similar variations with orientation (Rogers and 
Graham, 1982).  It has been demonstrated that many neurons in visual cortex are 
simultaneously selective to both binocular disparity and depth from motion (Regan & 
Beverley 1973, Maunsell & Van Essen, 1983). Other studies have also shown 
numerous interactions between motion parallax and binocular stereopsis in the 
perception of depth (Nawrot and Blake 1991; Cornilleau Pérès & Droulez, 1993). 
Amblyopic subjects display similar stereo and motion parallax deficits for a 
psychophysical task (Thompson & Nawrot, 1999). Together these studies present 
compelling evidence that binocular stereopsis and motion parallax are mediated by 
similar neural structures. It should be noted that stereopsis is available only in the 
visual field common to the two eyes, whereas motion parallax can be used over the full 
visual scene, in particular on the most lateral sides of the visual fields which are not 
stereoscopic. 
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 2.6.3 Cortical Processing of the 3D Shape of Objects from Motion 
 
Physiology of motion perception was discussed in the earlier sections. Here we present 
the studies that particularly deal with processing of 3D objects from motion.  Neurons 
that are specifically sensitive to motion, with direction selectivity, have been found in 
areas V1 and MT (Albright et al, 1984).  Some authors have speculated that these cells 
play a role in processing motion parallax or in distinguishing the external movement of 
objects in the world from motion generated by the eyes moving in the orbits (Allman 
et al, 1985).  The electrophysiological investigations have demonstrated that neurons 
selective for rotation and expansion exist in the dMST (Sakata et al, 1986, 1997; Duffy 
& Wurtz, 1991, Saito et al, 1986). In a recent electrophysiological experiment (Bradley 
et al, 1998) demonstrated a specific role of monkey area MT in the processing of 3D 
structure from motion. A recent fMRI study supports the view that in passive vision, a 
specific activity related to 3D structure from motion as compared to random motion 
exists in both the dorsal pathway (superior occipital cortex and posterior parietal 
cortex) and the ventral pathway (Paradis et al, 2000).  In conclusion, the dorsal visual 
pathway plays a major role in processing 3D shape of objects from motion. 
 
2.6.4 Cortical Processing of the 3D Shape of Static Objects  
  
Faillenot et al (1997) compared a task of matching object shapes, to a task of pointing 
toward the centre of objects, in humans.  The positron emission tomography (PET) 
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results showed an increased activity level for the task of matching an object shape not 
only in ventral areas, but also in the posterior parietal cortex.  However, other studies 
have repeatedly demonstrated that a selectivity to object shape is found in the 
inferotemporal cortex of monkeys (Ungerleider and Haxby, 1994; Schacter et al, 
1995). From the above studies it can be concluded that the ventral visual pathway is 
critical for object recognition. This is in agreement with the suggested alternative 
names of ventral pathway such as "what" (De Yoe and Van Essen, 1988) and 
"perception" pathways (Goodale and Millner, 1992). 
 
2.7 Vision, Motion Perception and Postural Stabilization 
 
Postural sway is a normal phenomenon that occurs when we are standing. Even if our 
immediate environment were to remain relatively stable, our own movement would 
cause the spatial pattern of light that reaches the retina to fluctuate. This fluctuation 
creates an 'optic flow' (Gibson, 1979).  Swaying forward creates an expanding optic 
flow pattern (Figure 2.6a) and swaying backward creates a contracting optic flow 
pattern (Figure 2.6b).  
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Figure 2.6:  Flow patterns that occur (a) when we move forward and (b) when we move 
backward 
 
2.7.1 Visual Control of Posture 
 
Our visual system uses visual information together with the input from vestibular and 
somatosensory system to make corrections for this sway, so that we can maintain an 
upright posture (Dietz, 1986; Paulus et al, 1984).   In subjects with normal vision, 
postural sway is reduced by about 50% (Edwards, 1946) with open eyes as compared 
to closed eyes.  Early work by Lee and associates measured the importance of optical 
flow information for postural control.  Standing infants could be made to lose their 
balance and fall as a result of movement in the surrounding visual environment (Lee 
and Aronson, 1974).  The environmental visual motion also destabilised the posture of 
adults, suggesting that visual motion information can override information obtained 
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from stretch receptors in the limbs and gravity receptors in the inner ear (Lee and 
Lishman, 1975). The optic flow constitutes the critical input for posture stabilization. 
Indeed, visual stabilization of posture is strongly weakened under stroboscopic 
illumination (Paulus et al, 1984).  Also, the visual contribution to postural responses is 
altered if the visual motion is reduced by sway-referencing the visual scene (Nashner 
and Berthoz, 1978; Di Fabio and Anderson, 1993), or by stabilizing the retinal image 
(Rushton et al, 1989). 
 
2.7.2 Effect of Visual Conditions on Postural Sway 
 
Postural sway increases with increasing visual blur (induced by plastic foils, or by +2 
to +10 D defocusing lenses) (Straube et al, 1990), and viewing distance (Paulus et al, 
1984). Postural sway increases with decreasing size of the visual field (Paulus et al, 
1984; Manchester et al, 1989).  Experimental restriction of visual fields by means of 
masks significantly reduces postural sway when a visual field of 30 deg in diameter is 
located on the centre of retina as compared to a field of the same size located on the 
retinal periphery (Brandt et al, 1973). If, however, the peripheral field size is corrected 
by the cortical magnification factor of the retina in the primary cortex, body sway is 
stabilised by the peripheral retina to the same extent. Therefore, the visual stabilization 
of posture is a function of field size and cortical representation of the retina rather than 
physical extent of the visual field (Straube et al, 1994).  By reducing somatosensory 
and vestibular input, other studies have demonstrated that elderly subjects, tend to rely 
more on visual input for postural stability (Baloh et al, 1994; Lord et al, 1991, 2000).  
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This is supported by the significant increase in Romberg quotient with age (Straube et 
al, 1988).  
 
2.7.3 Effect of Ophthalmic Conditions on Postural Sway 
 
The relationship between retinitis pigmentosa (RP), (an ophthalmic disease 
characterised by a progressive peripheral visual field loss with night blindness), and 
the visual contribution to posture stabilization was assessed (Turano et al, 1993).  
Subjects with RP showed a smaller visual contribution to postural stability than did 
subjects with normal vision. The visual contribution to stabilization was inversely 
proportional to the disease progression.  Six subjects with advanced visual field defects 
even showed a visual destabilization of posture, that is they swayed more with eyes 
open than they did in the dark. Turano et al (1993) demonstrated that the effect of RP 
cannot be accounted for by a mere loss of parts of the visual field.  Hence this suggests 
the existence of anomalous visual process in the “intact” visual field in the RP patients.  
In another study, the visual contribution to posture stabilization was studied in people 
with age related macular degeneration (ARMD) who have compromised central visual 
field loss (Turano et al, 1996).  The study showed that the subjects have a smaller 





2.7.4 Cortical Processing of Optic Flow 
 
A number of studies have reported that neurons involved in the optic flow analysis are 
located in the dMST area of the dorsal visual pathway (Sakata et al, 1986, Duffy & 
Wurtz, 1991, Tanaka et al, 1986).  Cells in this region respond preferentially to the 
motion of large field stimuli (10-100 deg) rather than to small spot.  This large field 
motion frequently occurs when we move through the environment.  Therefore motion 
generated as a result of self-motion is likely to be processed in area dMST of the 
dorsal visual pathway.  This is supported by the behavioural responses of monkeys by 
objectively measuring the shift in posture by presenting the simulated optic flow 
patterns that produce responses in MST neurons (Duffy and Wurtz, 1996).  
 
2.7.5 Postural Sway Measuring Methods 
 
Most of the traditional clinical assessments of balance control ability use timed static 
tests such as the sharpened Romberg test, which is carried with a heel-to-toe stance, 
and the one-legged stance test (Bohannon et al, 1984; Heitmann et al, 1989). Both tests 
require the subject to stand stationary in a specified posture.  The measurement is the 
duration of time that the subject can maintain that posture.  Currently, different 
methods are used to quantify the balance performance. Measurements are made by 
using simple portable instruments, like ataxia meter (apparatus are attached to the 
waist of a subject and body sway measurements are made), to highly technical devices 
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such as force platform to measure the center of pressure of feet or a video-based 
motion analysis system.  
 
Postural sway measurements are also made by placing foam underneath the subject’s 
feet with rigid top surface (Straube et al, 1988) or tilting the force-measuring platform 
(Baloh et al, 1994) in the antero-posterior and medio-lateral directions which is known 
as dynamic posturography. It is usually performed to decrease the somatosensory 
information to postural stability and enhancing the visual and vestibular contributions.  
When the somatosensory information is reduced, postural sway varies proportionately 
with visual acuity and visual field restriction (Paulus et al, 1984; Manchester et al, 
1989). 
 
2.8 Glaucoma and the Visual Function 
 
Glaucoma refers to a group of diseases that have in common a characteristic optic 
neuropathy associated with visual field loss for which elevated intraocular pressure 
(IOP) is one of the primary risk factors. It is the most important cause of irreversible 
blindness in the world (Thylefors et al, 1995). If the diagnosis and treatment occur 
early, most individuals do not usually suffer serious visual loss from glaucoma. 
However, it can affect the quality of life in terms of visual guided behaviour, and also 
cause a psychological stress about fears of going blind.  
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2.8.1 Classification of Glaucoma 
 
The two main types of glaucoma are primary and secondary glaucoma.  The primary 
glaucomas are primary open angle glaucoma (POAG) and primary angle closure 
glaucoma (PACG). The two primary glaucomas differ in their pathogenesis, clinical 
course, symptomology, prognosis and the type of patient affected.  
 
The rise in IOP in POAG is caused by the increased resistance of the drainage 
channels to aqueous outflow.  The main site of resistance to aqueous outflow probably 
lies in the dense juxtacanlicular trabecular meshwork, or the endothelium lining the 
inner wall of Schlemn’s canal.  In PACG the rise in IOP is due to obstruction of 
aqueous outflow as a result of closure of the angle by the peripheral iris. The 
predisposing factors are relatively anterior location of the iris-lens diaphragm, a 
shallow anterior chamber and hypermetropic eyes. 
 
In this thesis POAG is targeted.  It is one of the most extensively researched eye 
diseases.  All future reference of glaucoma in this thesis refers to POAG.  The POAG 
develops slowly, over many years, and is characterized by a typical pattern of field 
defects, a glaucomatous optic atrophy, and an elevated intra-ocular pressure (IOP) in 
the presence of an open iridocorneal angle. It is widely assumed that high IOP is an 
intrinsic part of the disease process despite the existence of low-tension glaucoma and 
ocular hypertension. The disease often comes to notice when the vision in one eye is 
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almost lost and the other seriously impaired. However, an observant person may notice 
a defect in the visual field early in the pathology.   
 
2.8.2 Visual Fields and Perimetry  
 
The boundaries of the normal visual field are approximately, superiorly 60 deg; 
inferiorly 70-75 deg; nasally 60 deg; temporally 90-100 deg.  Perimetry is a method of 
evaluating the visual field.  For many years the standard measurement of visual fields 
in glaucoma has been by perimetry. Perimetry is important in both diagnosis and 
management of glaucoma and in quantitative assessment of normal and abnormal 
fields to guide follow-up care. Two major types of bowl perimeters in general use 
today are the manual kinetic perimeter (Goldmann) and automated static perimeter.  A 
major principle of these perimetry devices is the testing of different points of the visual 
field, in a search for patterns of field loss that are considered typical of glaucoma. 
 
In recent years, the standard measurement of the visual fields in glaucoma is evaluated 
with automated static perimetry, which measures differential light sensitivity (DLS). 
Different commercial varieties of DLS perimeters (e.g. Octopus, Humphrey Field 
Analyser (HFA), Dicon etc) are available.  The stimulus is usually a broadband visible 
light of constant size and variable luminance briefly presented (0.1-0.2s) on a uniform 
background of white light at different eccentricities.  The minimum luminance 
required to detect the stimulus at each location is measured in decibels (dB).  
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2.8.3 Field Defects in Glaucoma  
 
The retinal nerve fibres are arranged in a precise pattern (Figure 2.7) that forms the 
basis for the optic disc and visual field changes in glaucoma.  The macular fibres 
follow a straight course to the optic nerve head forming a spindle-shaped area 
(papillomacular bundle).  The nasal fibres also follow a relatively straight course to the 
optic nerve head.  Fibres arising from the retina temporal to the macula follow an 
arcuate path around the papillomacular bundle before reaching the optic nerve head. 
The arcuate fibres reaching the superotemporal and inferotemporal aspects of the optic 
nerve head are particularly susceptible to damage.  The causes for this are discussed in 
paragraph 2, page 37. 
 
Figure 2.7:  Anatomy of retinal nerve fibres (Adapted from Kanski 1989, clinical 
ophthalmology) 
The hallmark defect of glaucoma is the nerve fiber bundle defect that results from 
damage at the optic nerve head.  The pattern of nerve fibers in the retinal area served 
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by the damaged nerve fiber bundle will correspond to the specific defect.   The names 
for the classic visual field defects (given below) are derived from their shape as plotted 
on a kinetic visual field chart.  In static automated perimetry, however, the sample 
points are in a grid pattern (an example is provided in Appendix 1); thus, the 
representation of visual field defects on a static perimetry chart generally lacks the 
smooth contours suggested by such terms as arcuate. 
 
Paracentral scotoma:  An early clinically significant field effect is a paracentral 
scotoma that is an island of relative or absolute visual loss within around 10 deg and 
20 deg of fixation (Figure 2.8a). 
 
Nasal step and Temporal wedge:  The upper or sometimes lower nasal sectorial 
defects have sharply defined horizontal edge (Roenne’s step) or nasal step (Figure 
2.8b).  A temporal wedge, also called a temporal step, is frequently associated with 
other defects and may rarely be present by itself.  
 
Arcuate or Bjerrum scotoma:  An arcuate scotoma occurs in the area 10 deg – 20 
deg from fixation.  It arches from blind spot around macula and ends nasally (Figure 
2.8c).  Damage to adjacent fibres causes a peripheral break through in the visual field 
(Figure 2.8d). 
 
Double arcuate scotoma:  The characteristic defect is due to destruction of thick 
bundles of arcuate fibres that crowd on the temporal side of the disc and run an arcuate 
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course above and below the macula. The field defects arising in the opposite halves of 
the visual field join together (Figure 2.8e)  
 
Central and Temporal island:  Visual field loss gradually spreads to periphery and 
also centrally so that eventually only a temporal island of vision and a small central 












Figure 2.8: Various types of field defects in glaucoma 
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The above mentioned field defects are specific signs of glaucoma. However rarely 
early defects appear outside of the central 30 degrees. They are the non specific signs 
of early glaucomatous field defects such as peripheral constriction (Figure 2.8a) 
indicating early visual field loss as evaluated with Goldmann perimetry (Kanski, 
1994). In a small percentage (4%-10%) of cases exploring the whole field using the 
kinetic automated perimetry glaucomatous peripheral defects with normal central 
fields were found (Miller et al, 1989; Ballon et al, 1992). In such cases, virtually all 
peripheral defects are in the nasal quadrant. 
 
2.8.4 Advanced Glaucoma Intervention Study Score 
 
Glaucoma produces typical field defects (Figure 2.8) and the rate at which visual field 
deteriorates is one of the defining factors of its severity. The field defects can be 
shallow or deep. In order to obtain a quantitative summary of the field defects the 
Advanced Glaucoma Intervention Study score (AGIS) is used (Gaasterland et al, 
1994). It is an objective, quantitative method of scoring the test reliability, and 
measuring the severity of glaucoma from the central 24-2 (C-24-2) threshold program 
of the HFA.  
 
2.8.5 Glaucoma and the Visual Pathways 
 
The consequences of monkey or human chronic glaucoma on the visual pathways have 
been extensively studied at the levels of the retina and LGN. Early anatomical studies 
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indicate that large retinal ganglion cells are more susceptible to glaucomatous damage 
than small cells, but this idea has been recently contradicted.  Here we review the 
arguments related to this issue. 
2.8.5.1 M cell loss 
 
Quigley et al (1987) induced chronic glaucoma in one eye of 10 monkeys (Macaca 
fascicularis), whose retinal and optic nerve anatomy is close to that of humans.  They 
compared the glaucomatous eye to the normal fellow eye and found that there was a 
preferential loss of axons of large diameter, which suggests that large ganglion cells 
are preferentially lost, because ganglion cells size correlates with axon size (Perry et 
al, 1982; Perry 1984). Glovinsky et al (1991) compared 32 temporal midperipheral 
retinal locations in 4 monkeys with monocular glaucoma with the normal fellow eye.  
They demonstrated that, more large ganglion cells were lost in the lower, than in the 
upper retina.  The optic nerve zones corresponding to these retinal areas also showed a 
loss of large diameter axons. Dandona et al (1991) demonstrated in chronic monkey 
glaucoma that the M layers of the LGN showed less transport of radioactive substance 
than the P layers.  In the eyes with normal intraocular pressure (IOP), the labeling of 
the M layers was equal or slightly heavier than in the P layers. By using 
immunolabeling for neurofilament (NF) proteins it was demonstrated that M ganglion 
cells, were greatly reduced in number in glaucomatous eyes as compared to normal 
eyes (Vickers et al 1994).   
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In human eyes, a comparison of the size and number of retinal ganglion cells in 6 post-
mortem eyes with glaucoma and 5 age matched post-enucleated normal eyes showed 
fewer remaining large ganglion cells in the retinal area with atrophy in glaucomatous 
eyes (Quigley et al, 1989).  Also, in a post-mortem comparative study of glaucomatous 
and normal eyes, the optic nerve fibers larger than the mean diameter were lost earlier 
than the smaller fibers (Quigley et al, 1988).   The loss spread throughout the nerve, 
but was two to three times more in the vertical poles.  LGN autopsy sections of 
individuals with and without glaucoma showed that the density of M cells was 
significantly smaller in the glaucoma group than in the control group.  No such effect 
was measured in the P layers (Chaturvedi et al, 1993).  
 
There is a general agreement between monkey and human studies for a preferential 
damage to large ganglion cells, and the cause of ganglion cell death is commonly 
attributed to the elevated IOP (Radius et al, 1984).   At a given location within the 
optic nerve head, large fibers are lost, at a relatively higher proportion than small fibers 
and nerve fibers in the superior and inferior poles of the optic nerve typically exhibit 
the greatest susceptibility to glaucomatous damage (Quigley et al, 1988).  It is not clear 
why large fibers are sensitive to elevated pressures.  It could be due to the fact that 
they are mainly found in the weaker part of the optic nerve head, which corresponds to 
the superior and inferior poles. Indeed the connective tissue and glial cell structures are 
thinner in this area as compared to the nasal and temporal areas (Radius, 1981; 
Quigley & Addicks, 1981).  However in a recent study Radius (1987) has suggested an 
alternate theory, that in eyes with elevated pressure the absorption of nutrients from the 
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axon membrane is decreased due to decreased tissue perfusion.  This would affect the 
normal functioning of large fibers in priority because of its large surface to volume 
ratio. 
 
2.8.5.2 P cell loss 
 
Although there seems to be an agreement on the predominant loss of large fibers in 
chronic glaucoma, it should be emphasized that retinal ganglion cells with large axons 
are not necessarily M cells (Smith et al, 1993; Quigley et al, 1988; Johnson 1994).  M 
cells constitute only about 10% of the ganglion cell population (Perry et al, 1984).  
Therefore, some large P cells could also be included among the large cells that are lost 
(Glovinsky et al, 1991). Indeed, a reduction in both P and M cells in the monkey LGN 
has been demonstrated for chronic glaucoma (Smith et al, 1993; Vickers et al, 1997; 
Yucel et al, 2000). As far as acute glaucoma is concerned, one monkey eye with acute 
IOP elevation showed less radioactive labeling in the P layers, as compared to the M 
layers of the LGN (Dandona et al, 1991). Therefore both chronic and acute glaucoma 
preparations have also provided evidence for P losses in the LGN. 
 
2.8.5.3 Ganglion Cell Distribution 
 
The fact that the glaucomatous damage starts in the mid-peripheral retina is also 
compatible with a predominant loss of large fibers (Glovinsky et al, 1991).   Indeed 
retinal ganglion cells located near the fovea have small cell bodies and comparatively 
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small axons because ganglion cell size increases with eccentricity for both M cell and 
P cells (Watanabe & Rodieck, 1989). 
 
2.8.5.4 Interpreting Histopathological Studies 
 
The studies reviewed here do not conclusively demonstrate the specificity of M losses 
in glaucoma.  Resolving the discrepancies of the results is difficult for several reasons. 
First, most human histological data comes from eyes that are obtained after post-
mortem or enucleation (Quigley et al, 1989).   Such tissue may not be identical to that 
obtained from otherwise healthy glaucoma patients.  Second, although similar 
techniques are used to elevate IOP in all studies, the duration and level of IOP 
elevation may play a role in the type of ganglion cells that are affected (Glovinsky et 
al, 1991; Grehn & Prost, 1983; Smith et al, 1993).   Third, the methodologies used so 
far are by their nature cross-sectional and cannot evaluate the relative progress in the 
loss of different cell types.  
 
Despite these difficulties, we can conclude that most of the histopathological studies 
suggest that the neural loss in glaucoma is partially selective for the M pathway, 
although the P pathway is not spared.  The losses also seem to affect in priority the 
large cells, which is consistent with greater losses at the peripheral retina where 
ganglion cells have larger cell bodies and axon diameter than in the fovea. 
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In spite of this evidence, we should be cautious at predicting that there will be a 
selective loss in functions subserved by the M pathway, such as motion perception. 
Indeed, the hypothesis of reduced redundancy states that the observed functional 
deficits will also depend on the degree of redundancy present in the different cell 
populations subserving different functions (Johnson, 1994).  
 
2.8.6 Glaucoma and Motion Perception 
 
A number of studies have tested the hypothesis that an impairment in motion 
perception could occur early in glaucoma, possibly before any field loss could be 
observed on the DLS perimetry. 
 
2.8.6.1 Methods for Motion Perception Studies 
 
 
The tests of motion perception include global (full field), and local (at eccentricities) 
motion tests.  The most commonly used stimuli are dynamic sparse random dots 
generated on a computer screen.  Such stimuli are used to measure i) Dmin and Dmax 
(Figure 2.9) ii) the ability to report or detect the motion of a subset of coherently 
moving dots, within a population of randomly moving dots.  The corresponding 
percentage of coherently moving dots (PCD) ranges between 0 to 100%, and produces 
graded intensities of motion signal (Figure 2.10).  PCD stimuli can be presented either 
globally, or in small regions of the visual field, in perimetry tests (Figure 2.11). 
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The different psychophysical tasks are: 1) direction discrimination (indicating the 
motion direction); 2) motion detection; 3) motion localization (pointing to the area of 
movement). 
 Dmin Dmax




Figure 2.9: The minimum perceived displacement within a random dot kinematogram 
is called (Dmin ) while the maximum perceived displacement  is called the  (Dmax) 






Figure 2.10: Random dot kinematograms are used to study global motion perception.  
A.  All  dots  move  in   random  directions, hence no coherent motion is perceived.    








Figure 2.11: Diagram of motion perimetry.  The enlarged target shows 50% of the dots 
moving at random and 50% moving in one direction (bold dots).  X is the fixation 
target.  (Redrawn from Wall & Ketoff, 1995) 
 
2.8.6.1.1 Displacement Thresholds 
 
Dmin and Dmax thresholds in central vision have been measured over a 2.9 deg or 19 
deg fields of vision in glaucoma and OHT patients (Bullimore et al, 1993).  The results 
reveal a larger impairment in motion sensitivity in glaucoma patients for Dmin, as 
compared to Dmax . Bullimore et al, (1993) interpret their results as the consequence of 
a preferential damage to the larger M ganglion cells.  This is in agreement with the fact 
that magnocellular cells are more sensitive to small displacements than P cells (Lee et 
al, 1993).  In another study peripheral displacement threshold was measured at 15 deg 
in the temporal field just above and below the blind spot (Fitzke et al, 1987)   by 
presenting a vertical line oscillating at 2.5 Hz. The results suggest that the peripheral 
displacement thresholds were elevated in only 9 of 16 (56%) glaucoma patients and in 
10 of 45 (22%) OHT subjects.  
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2.8.6.1.2 Coherent motion studies: global tests 
 
In several studies, coherent motion thresholds in central vision were measured in 
normals, glaucoma and OHT patients.  Motion thresholds for a large stimulus (60 deg 
width), with low (0.03dots/deg2) dot density, fell significantly outside the normal 
range for POAG and OHT patients (Silverman et al, 1990). In another study, with a 19 
deg stimulus, and dot density of 7 dots/deg2 no significant difference in motion 
thresholds between patients and normal subjects was found (Bullimore et al, 1993).   
The same result was obtained with a 25.1 deg stimulus and a dot density of 0.83 
dot/deg2  (Bosworth et al, 1997). 
 
In contrast with the above results, a 24.5 deg stimulus, with 0.42 dots/deg2, showed a 
significant elevation of coherent motion thresholds in 70.6% of POAG patients (Trick 
et al, 1995).  The deficits were more frequently detected with a speed of 12.5 deg/sec, 
rather than a speed of 4.2 deg/sec.  In addition, there was a significant correlation 
between HFA visual defects and motion thresholds for high speeds, but not for low 
speeds. Motion deficits were detected in OHT patients, but were not significant.  
 
In this latter study, a possible reason for the difference in the results of the two speeds 
is that fast motion tends to be coded by the M pathway, while slow motion may 
involve the P pathway (Merigan et al, 1991).   However, the results obtained by Trick 
et al (1995) contradict the lack of difference between glaucoma patients and controls 
found by Bosworth et al (1997) as described above.  The major difference between the 
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two studies is that Trick et al (1995) used a contrast (15.6% for the highest velocity) 
which was half that used by Bosworth et al (1997).  Considering the fact that the M 
pathway is sensitive to low contrast, a possible interpretation is that the stimuli used in 
the study by Trick et al (1995) targeted more specifically the M-pathway, and led to a 
better glaucoma discriminatory power for their test. 
 
The best sensitivity for global motion testing through PCD is 70.6% for glaucoma 
patients.  This could be due to the fact that global stimuli address both pathological 
and normal regions, which limits their discriminatory power for glaucoma (Joffe et al, 
1997).  Also, a centrally placed stimulus would fail to cover the damaged visual areas 
in many early glaucoma patients (Kanski, 1994).  
 
2.8.6.1.3 Coherent motion studies: perimetry 
 
Due to the poor sensitivity of global motion testing, several authors designed 
perimetric motion tests, which have the double benefits of testing motion perception 
and also isolating areas that are affected by glaucoma.  The stimuli consist of small 
coherent motion targets randomly presented at various visual field locations. 
 
A motion perimetry study was performed by using targets of 20 different sizes (Wall et 
al, 1995). The POAG patients showed a significant increase of the motion size 
thresholds, as compared to controls, in many loci of the visual field.  These loci 
expanded over most of the defects revealed by HFA, but were usually larger than 
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them.  In addition, motion perimetry identified defects following nerve fiber bundle-
like patterns, which were missed by the HFA.  The same procedure showed that OHT 
patients had slightly higher motion size thresholds than controls but was not significant 
(Wall et al, 1997).  
 
Joffe et al (1997) used a fixed target size of 3 deg, to test each quarter of the visual 
field along the horizontal, vertical and oblique meridians (Figure 2.12A).  The target 
was presented at 22 locations, including the fovea and eccentricities of 9, 15 and 21 
deg.  The dot speed was 2.63 deg/sec.  The subject's task was to indicate the direction 
of coherent motion.  The PCD was decreased from 100%, until the motion direction 
was wrongly reported.  Under foveal testing, no significant difference was found 
between glaucoma patients and controls. 
 
However, the mean peripheral thresholds (at 21 deg eccentricity) were significantly 
different between the glaucoma and control groups.  This difference was the largest in 
the superior visual field (SVF) (Figure 2.12B) but the 4 quadrants of the visual field of 
glaucoma patients presented a decrease in motion sensitivity.  As for glaucoma 
suspects, the deficits occurred only in the SVF. Overall, significant SVF deficits 
occurred in 10 of 12 patients, and in 8 of 15 suspects, and the deficits tended to 
increase with eccentricity. 
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Figure 2.12: Figure A shows stimulus location at various eccentricities.  The negative 
and positive numbers on the horizontal axis indicate nasal and temporal hemifield 
locations respectively.  Figure B shows group mean motion sensitivity as a function of 
eccentricity along the superior vertical meridian for each group.  Vertical lines indicate 
± 1 SEM.  Both patient groups exhibit lower sensitivity than controls at all 
eccentricities with greatest deficit at most eccentric location.  (Redrawn Fig.6A from 
Joffe et al, 1997 and reprinted Fig. 6B from Vision Res 37, Joffe KM, Raymond JE, 
Chrichton A, Motion coherence perimetry in glaucoma and suspected glaucoma, 955-
64, 1997 with permission from Elsevier Science and the authors) 
A similar procedure was carried by Bosworth et al, (1997) with a 7.3 deg stimulus 
presented in 15 locations, including the fovea, and led to similar results (see Table 2.1, 
lower 2 rows) for glaucoma patients.  
 
In conclusion, motion perimetry reveals a decrease in motion sensitivity in specific 
areas of the visual field.  All three studies (Bosworth et al, 1997; Joffe et al, 1997; 
Wall et al, 1997) found motion perimetry defects in similar areas as the HFA, and 
detected abnormalities in a proportion of OHT or glaucoma suspects (26%, 53% and 
22%, respectively). 
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Discussion of Motion Perception Studies 
 
As summarized in Table 2.1, there is a large variation in sensitivity across the motion 
tests. The motion thresholds are elevated in 13% to 96% of the POAG patients, and 
21% to 53% in OHT or glaucoma suspects. The test that best discriminates patients 
from normal subjects is motion perimetry.  The visual field defects in glaucoma 
patients identified by conventional perimetry and motion perimetry are similar, but the 
sizes of the defects are usually larger with motion perimetry.   However, motion tests 
in central vision have no correlation with visual field defect on conventional perimetry.  
Interestingly, these perimetry studies delineate defects in parts of the visual field that 
are considered normal with the HFA. Therefore these results suggest that early 
glaucomatous damages affecting motion perception occur in these visual field areas 
that show impairment in motion perception. 
 
Histological studies in glaucoma reveal there is ganglion cell death and support in part 
a predominance of M losses. However, interpreting the glaucoma motion deficit as due 
to M losses presents some difficulties. Johnson (1994) states that a selective 
psychophysical test does not reveal loss of a selective pathway until the integrity of the 
other pathway is tested.  Therefore, there is a need to develop more comparative 
psychophysical studies for M and P pathway.  Indeed, some of the comparative studies 
in glaucoma reveal the existence of a deficit in P pathway (Graham et al, 1996; Sample 
et al, 1997, 2000). Overall, the question of the differential vulnerability of the M and P 
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pathway in glaucoma still remains. There are few questions remain as to whether the 
motion tests described above are actually selective for the M pathway.  
 
First, recent monkey studies have demonstrated a moderate P input into the motion 
area MT (Maunsell et al, 1990) and a lesion of the M pathway does not impair 
perception of motion at slow speeds (Merigan et al, 1991).  Second, M lesions of the 
LGN in monkeys do not alter the weak directional selectivity of neurons in cortical 
area V4 (Ferrera et al, 1994). Finally, other studies also support the view that the P 
pathway plays a role in processing motion information (Schiller et al, 1990; Anderson 
& Willis, 1996). Nevertheless, the possibility of a P contribution to motion perception 
is usually ignored in the motion studies reviewed above.  It should be noted that 
motion testing using faster stimuli is more selective for glaucoma deficits (Trick et al, 
1995).   Therefore, some of the motion tests particularly at low velocities may have 
involved the P pathway.  Further development of psychophysical motion tests in 
glaucoma will therefore require a closer definition of their parameters if they are to 
demonstrate a specificity of the M losses. 
 
2.8.7 Impetus and Goal of Our Study 
 
POAG may preferentially damage the M or P pathways more than the other 
especially at early stages of the disease process. It is known that the perception of 
motion is mainly mediated by M pathway. By presenting motion stimuli in small field 
a prominent loss of motion sensitivity at large visual angles and significant 
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impairment in perception of motion at eccentricities has been demonstrated in 
glaucoma. These observed functional deficits in the motion studies depends on the degree of 
redunduncy (amount of overlapping of receptive fields of visual neurons) present in the 
neuronal subpopulation which mediates motion perception. 
 
 
Considering that glaucoma damages more optic nerve fibers at the periphery, and to 
understand the glaucoma related visual impairments, we explored the deficits related to 
the control of posture and the perception of the 3D space in large field vision. 
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C h a p t e r  3  
3 MEASUREMENT OF HEAD AND CENTER OF 






The standing subject oscillates more with eyes closed than with eyes open. The visual 
contribution to posture stabilization has been assessed in numerous studies. Most 
authors analyzed the movement of the center of pressure (COP) of the feet to quantify 
this stabilization (Kapteyn et al, 1983; Baloh et al, 1994; Straube et al, 1990; Paulus 
and Zihl, 1989). Others have used body markers, and in particular located near or on 
the head (Koncek et al, 1993). Although the relationship between the movements of 
different body points in space has already been documented (Eng and Winter, 1993), 
little is known about the reliability of each method for the assessment of postural 
stability. Furthermore, some authors have used the velocity of the body point (COP of 
feet, head marker, etc.) while others have used the amplitude of the displacement of 
this point, quantified either by the root mean square (RMS) value of its positions, or by 
the area covered by its trajectory. Again little is known about the advantage of using 
one or the other variable. The only common point of all these studies is to use a 
Romberg quotient, i.e. the ratio of the variable values obtained in the condition “eyes 
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closed” and “eyes open”. This quotient is usually greater than 1 and quantifies the 
contribution of vision to stabilization of posture.  
 
The present study first aim at clarifying the differences and similarities between the 
trajectories of the head and COP of feet sways. Second, our goal is to determine 
quantitatively which variable (velocity or position) yields the most consistent 






Eight healthy subjects with normal vision (24-38 years of age; mean = 31; median = 
35) participated in the study. There were 4 males and 4 females with an average weight 




The postural sway was measured with a Vicon system comprising of the following: 
 
• a force measuring platform (with 4 piezoelectric transducers), to measure the 
trajectory of the center of foot pressure in the standing subject. This force plate 
was level with the surrounding floor (Figure 3.1). 
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• a system of 3 cameras capturing the 3D trajectory of infrared passive markers. In 
this experiment the marker was stuck on the subject’s forehead. 
 
Data were sampled simultaneously from the force transducers at 100 Hz and from the 
head position device at 50 Hz. The head and COP of feet signals were convoluted with 
a Hamming filter of width 9 and 17 samples, respectively. Hence both signals were 




The subjects were instructed to stand barefoot and as still as possible with their arms 
down at their sides. The feet were separated by an angle of 30 deg and heels placed 5 
cm apart. The subjects stood at a distance of 1.3m away from a board (1.2 m × 1 m) 






Figure 3.1:  Subject standing on a force plate with an infrared marker on the forehead 
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Data was collected for eight trials in static postural sway for conditions eyes open 
(EO) and eyes closed (EC). In the condition EO, the subjects were instructed to look at 
the fixation target. The duration of each trial was 30 s, and only the last 20 s were 
recorded (the first 10 s served as a stabilizing time). Between successive trials, the 
subject had to rest for 20 s outside the force-measuring platform. 
 
3.2.4 Data Analysis 
 
For the COP of feet and head marker, we compute the average speeds in the X (right-
left) and Y (anterior-posterior) directions, the average total speed as projected on a X-
Y plane, and the RMS of the positions within the X-Y plane indicating the amplitude 
of the movement. 
 
We neglect to take into account the head displacements in Z (vertical), which represent 
less than 3% of the displacement in the X-Y displacement (estimation for a 180 cm tall 
subject having a displacement of ± 10 cm in the X-Y plane).  
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 3.3 Results 
 
Result 1: COP of feet and Head Trajectories 
 
The COP of feet and head trajectories in X and Y directions are very similar (Figure 
3.2), and there is a high correlation between the head and COP of feet velocities, and 
between the head and COP RMS values (Table 3.1 and Figure 3.3).  
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Figure 3.2: Trajectories of head and COP of feet velocities.   Abscissa: sample number, 
Ordinates: displacements 
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Table 3.1: Correlation between head and COP of feet variables for the conditions 'eyes 
open' and 'eyes closed' 
Variables Eyes open Eyes closed 
0.69.x + 0.78 0.84* 0.7.x +0.73 0.91* Velocity V 
0.55.x + 0.56 0.75* 0.55.x +0.88 0.80* 
 1.21.x + 1.07 0.84* 1.51.x + 0.01 0.96* RMS of position 
1.42.x +1.84 0.78* 1.40.x + 2.12 0.77* 
0.63.x + 0.43 0.54* 0.83.x + 0.23 0.78* Y/X ratio 
0.18.x + 1.1 0.14 0.51.x + 0.75 0.38* 
Normal font: our results. Italics: results from Sakaguchi et al, 1995. The velocity of the sway is 
expressed in mm/s. The RMS of position (in mm for our study) is replaced by the sway area in cm2 for 
the study by Sakaguchi et al (line 5). The Y/X ratio is the ratio between the anterior-posterior (Y) 
velocity and the right-left (X) velocity). The linear equation expresses the relationship between the head 
and the COP of feet variable (for instance Vhead= 0.69VCOP + 0.78 in the second column). The isolated 
numbers indicate the correlation coefficients (* indicates significance to p<0.01). These results were 
calculated for 64 points in our case (8 subjects and 8 sessions), and for 64 subjects, 1 session per subject 
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Figure 3.3: (a) Head velocity as a function of COP of feet velocity (b) Head position 
(in RMS) as a function of COP position 
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Result 2: Grouping Conditions ‘eyes closed’ and ‘eyes open’  
 
We observe that  
 
• the COP of feet velocity moves faster than the head (the ratio between head and 
COP of feet velocities is 1.27 in average,  ± 0.17 SD).  
• the COP moves with lesser amplitude than the head (the ratio between head and 
COP RMS is 0.8 in average, ± 0.9 SD). 
 
We performed a t-test on the 64 values of the velocity and RMS of positions in each 
condition “eyes open” and “eyes closed”, which showed that these differences are 
significant (Table 3.2). 
Table 3.2: Comparison of velocities and RMS values of position for the COP and the 
head 
Eyes Open Eyes Closed  
Variables COP Head t-value COP  Head  t-value 
Velocity (mm/s) 8.00 6.31 12.43* 11.44 9.11 15.14* 
RMS value of Position  (mm) 7.27 5.13 10.75* 6.85 10.38 16.05* 
 
The Student t-test has been performed on N=64 values in each case (8 subjects and 8 sessions per 
subject). *p < 0.000001 
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Result 3: The Y/X ratio 
 
The anterior-posterior (Y) velocity is usually larger than the right-left (X) velocity 
during standing. This effect can be quantified by the ratio between Y and X velocities 
(Y/X ratio). This ratio was 1.25 for eyes closed, and 1.18 for eyes open, and was 
significantly higher than 1 (t-test, N = 64, t = 6.92 for ‘COP, eyes closed’, t = 5.24 for 
‘COP, eyes open’, t = 7.1 for ‘head, eyes closed’ and t=6.35 for ‘head, eyes open’, 
with p < 0.0001 in all four cases). 
 
The Y/X ratio tends to be slightly smaller for the COP of feet than for the head, but 
this difference is not significant (t= -0.95 p < 0.35 for ‘eyes closed’ and t = -0.18 p < 
0.86 for ‘eyes open’). However, the slope of the regression lines between the head and 
COP Y/X ratio were 0.63 for eyes open and 0.83 for eyes closed, both being 
significantly smaller than 1. The overall distribution is shown in (Figure 3.4). 
Therefore, although the Y/X ratio has average values that are not statistically different 
for the head and COP of feet, it cannot be concluded that there is a one to one 









































Figure 3.4:  Plot of the ratio between the anterior-posterior (Y) velocity and the right-
left (X) velocity. Abscissa: COP movement, Ordinates: head movement. The 
continuous line is the regression line; the dotted line is the line of slope 
Result 4:  Comparison of Romberg quotients for the head and COP 
 
The Romberg quotients are calculated by dividing the velocity or RMS value of 
position in condition eyes closed, by the value in condition eyes open. The 4 Romberg 
(position and velocity for head or COP) showed highly similar median values (from 
1.33 to 1.42). Figure 3.5 shows that the velocity and position Romberg was quite 


















1.0 1.2 1.4 1.6 1.8
 
1.0 1.2 1.4 1.6 1.8
VELOCITY POSITION
r = 0.79 * r = 0.95 *
COP ROMBERG
 
Figure 3.5: Romberg quotients for the head, as a function of the Romberg quotients for 
the COP of feet. The Romberg is calculated for the velocity (left) or for the RMS of 
positions (right) 
For the velocity the range is narrower for the COP Romberg (1.31 to 1.53) than for the 
head Romberg (1.27 to 1.7), but the values do not differ statistically for the COP of 
feet and head. The position varies as much for the COP Romberg (0.97 to 1.75) as for 
the head Romberg (1.11 to 1.89), but their values are significantly smaller for the COP 
of feet than for the head, by 0.1 (t  = -2.43, p < 0.05). 
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Result 5: Comparison of Romberg quotient for the velocity and position 
 
The velocity and position Romberg tend to be negatively correlated for the COP of 
feet and head (Figure 3.6) although this effect is not significant. This means that 
subjects who show a high level of visual stabilization through vision in terms of the 
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Figure 3.6: Romberg quotients of the velocity as a function of the Romberg quotients 
for the RMS, (a) for the COP and (b) for the head 
The sample size considered here is not large.  However from this sample size the 
Romberg is a more variable measurement for the postion than for velocity because its 
mean value is similar, and its STDV is bigger for position. Hence the deviation from 
the ‘null hypothesis’ (i.e. Romberg = 1) is more significant for V.  The results are also 
shown in Table 3.3 in the thesis. 
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Figure 3.6 also shows that the Romberg ranges are much narrower for the velocity than 
for the position.  The ranges of velocity Romberg are 28% and 55% that for position, 
for the COP of feet and head respectively.  This makes the position Romberg a more 
variable quantification of postural stabilization than the velocity Romberg.  Note that 
subject VP’s COP Romberg indicates a destabilization for position (the Romberg is 
below 1), but not for velocity, whether COP of feet or head is considered.  Finally, the 
measurement of stabilization, which shows the least variability, is the velocity 
Romberg for COP of feet. 
 
Therefore, our results tend to support the use of the velocity Romberg for COP, for the 
studies, which aim at comparing the Romberg of different population of subjects. 
 
3.3.1 Statistical analysis of the stabilization for each session 
 
In order to compare the 4 variables (velocity and position of COP or head) in their 
statistical assessment of the visual stabilization of posture, Romberg quotient for each 
session was computed as follows.  Denoting one of the above four variables as X we 
average the value of X for all sessions ‘eyes closed’, and represent the resulting value 
as X(closed).  For each individual session ‘eyes open’ called session X(open_i) the 
ratio of X(closed) by the current X(open_i) is calculated.  Hence this gives an estimate 
of the stabilization value for each separate session ‘eyes open’. Then a comparison of 
the corresponding population of 64 (8 subjects by 8 sessions ‘eyes open’) to one, 
through a paired t-test is done. The results are given in Table 3.3. The results confirm 
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that the stabilization averages similarly across all the variables, but the standard 
deviation is smaller for the COP of feet velocity, hence yielding the highest t-value, 
and highest statistical significance. Note that the head velocity achieves a similar 
significance as the COP of feet velocity.    
Table 3.3: Values of the stabilization ratio (RQ) calculated for the four variables 
Variables Mean (RQ) ± SD t-value 
COP velocity 1.46 ± .22 16.45* 
COP position 1.46 ± .44 8.28* 
Head velocity 1.48 ± .26 14.86* 
Head position 1.58 ± .53 8.64* 




Comparison between our study and Sakaguchi et al, 1995 
 
Our results confirm with those obtained by Sakaguchi et al, in the sense that head 
velocity tends to be smaller than COP of feet velocity.  Also these authors find that the 
sway area is larger for the head than for the COP of feet, which matches with our 
finding that the RMS value of position is larger for the head than for the COP. The 
correlation found by these authors for the head and COP of feet variables (velocity and 
RMS value of position) are also very similar, as indicated in Table 3.1.  However, 
these authors find no correlation between the Y/X ratio for the head and COP of feet, 
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whereas this correlation is significant for us in the two conditions.  In addition, their 
graphs reveal that this ratio is usually higher for the head than for the COP of feet.  
This is contrary to our finding of similar Y/X ratios for the head and COP of feet.  
However, both studies agree on the fact that the regression coefficient of the Y/X ratio 
for the head and COP is smaller than 1. 
 
As for the Romberg, our results fully agree with those obtained by Sakaguchi et al, 
which find a much wider spread for the position Romberg (calculated from the sway 
area in their case) than for the velocity Romberg. 
 
 




We compared our results of the average COP of feet velocity with three previous 
studies (Table 3.4).  The range of COP of feet velocities is close to the three studies 
considered here for the condition ‘eyes open’.  However, in the condition ‘eyes closed’ 
our value tends to be smaller than previous results. This may be due to the fact that the 
positioning of the feet does not seem to be considered in those previous studies, 
whereas in our study the feet were placed in a systematic position (feet separated by an 
angle of 30 deg and heels placed 5 cm apart), which has been reported to produce an 
increased stability.  
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Table 3.4: Comparison of the COP sway velocity with previous studies 
Velocity (mm/s) Studies Age Range




Baloh et al (1994) 18-39 9.16 15.13 1.65 
Straube et al (1990) 20-40 8.16 14.66 1.80 
Paulus & Zihl (1989) 20-50 6.24 12.44 1.99 
Our Study 24-38 8.00 11.44 1.43 
For the 3 studies indicated in the first column the total sway velocity V has been 
estimated from the right-left (R-L) and anterior-posterior (A-P) velocities VR-L and VA-P 
by V = √(V2R-L+ V2A-P). 
Dynamics of COP of feet and Head Movement 
 
The relationship between the center of gravity (COG) of the body and COP of feet 
movements has already been documented, and it has been shown that the COP of feet 
moves with a larger amplitude than the COG (Murray et al, 1967; Spaepen et al, 
1977). A simple model of posture control in the standing subjects states that the 
contraction of foot muscles shifts the COP of feet to compensate for the COG 
acceleration. We questioned whether this is compatible with our data. If we admit that 
the body (including the head) moves as an inverted pendulum, and that the COG is 
placed at about 55% of the subject’s height, we can estimate the velocity and 
amplitude of the COG movement as 55% that of the head. From our data we then 
calculated the ratio of the estimated amplitudes of the COP of feet and COG 
movement, and the ratio of the corresponding velocities.  
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We found that  
Amplitude (COP)/Amplitude (COG estimated) = 1.22 
Velocity (COP)/Velocity (COG estimated) = 2.3 
 
In conclusion the head and COP of feet trajectories are similar, but the velocity of feet 
COP is about 27 % higher than the head velocity, while the COP amplitude is 20 % 
lower than the head amplitude.  The velocities of the head and COP of feet are both 
good indicators of the contribution of vision to posture stabilization, and seem more 
reliable, in this sense, than the RMS of position.  Also, there is little difference 
between the use of the COP of feet and head path in this regard.   
 
3.5 Introduction of the visual stabilization ratio (VSR) 
 
We observe that the variability of the velocity increases linearly with the velocity (the 
standard deviation is taken over the 8 sessions, for each subject and condition (Figure 
3.7). The Pearson correlation coefficient is 0.81 between the 2 variables. Therefore, in 
order to decrease the variability of our measurement, we choose to use the logarithmic 
value of the velocity, which has then a more constant variability. In order to avoid the 
possibility of velocities below 1 cm/s (which do not allow the calculation of the 
logarithm) we choose to quantify the visual contribution to postural stability by 
VSR=1-log(Vopen+1)/log(Vclose+1).  Hence a VSR of 20% for instance means that 
the visual input contributes to reduce the log of the sway velocity by 20 %. 
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Figure 3.7: Standard deviation of the velocity as a function of the mean velocity 
The same reasoning applies if we choose the RMS of positions, rather than the 
velocity, and we also define a VSR for the RMS. 
 
The Student t varies inversely with the variability of the corresponding variable across 
subject (Table 3.5). From this analysis, we can see that the VSR yields generally better 
results than the Romberg, and that the velocity presents much less variability across 
subjects than the RMS of positions. Therefore we chose to measure the velocity VSR 
in subsequent studies. In the next study we verified that similar results were found with 
the Romberg and the VSR, although their significance was higher with the VSR. 
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 Table 3.5: Comparison of different variables for the quantification of the visual 
contribution to postural stability 
Variables Mean SD N Std. Err. t-value df p 
V head VSR 0.14 0.04 8 0.01 11.09 7 0.00 
V head R 1.45 0.15 8 0.05 8.41 7 0.00 
V COP VSR 0.13 0.02 8 0.01 20.55 7 0.00 
V COP R 1.43 0.07 8 0.03 17.14 7 0.00 
RMS head VSR 0.13 0.09 8 0.03 4.09 7 0.00 
RMS head R 1.47 0.28 8 0.10 4.77 7 0.00 
RMS COP VSR 0.13 0.09 8 0.03 4.09 7 0.00 
RMS COP R 1.39 0.29 8 0.10 3.80 7 0.01 
Student t of different variables, compared with their respective level of null 
stabilization (1 for the Romberg, 0 for the VSR): v = velocity RMS = root mean square 
of position R = Romberg = Xclose/Xopen; VSR = visual stabilization ratio = 1-
log(Xopen+1)/log(Xclose+1) 
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C h a p t e r  4  





Vision is a powerful determinant of balance that can dominate other sources of balance 
information (Paulus et al, 1984). The visual stabilization of posture seems to be 
mediated by the processing of visual motion (the optic flow) (Di Fabio and Anderson, 
1993). Vision usually reduces postural sway by as much as 50 percent in young adults 
(Edwards, 1946). Postural sway increases with decreasing size of the visual field 
(Paulus, 1984). Vision problems increase the risk of falling in the elderly population 
(Tinneti et al, 1988), who are also at more risk of developing glaucoma. Within the 
hypothesis that POAG (primary open angle glaucoma) preferentially affects the 
magnocellular pathway (Quigley et al, 1988; Glovinsky et al, 1991), and that motion 
perception is specifically impaired in glaucoma (Joffe et al, 1997), we studied the loss 
of visual contribution to postural stabilization in glaucoma patients and its relationship 
with the severity of glaucoma damage. In particular, we investigated whether subjects 
with ocular hypertension can be identified from postural stability test and also whether 








Thirty-six established cases of unilateral or bilateral POAG patients were recruited from 
the Eye Clinic of the National University Hospital (NUH), Singapore. There were 22 
males and 14 females in the age range of 40-70 years.  
 
Twenty-one age-matched subjects with normal vision were recruited from the staff of 
the NUH. There were 4 males and 17 females, aged 40 to 65 years. There was no 
significant difference in age, height and weight between the patient and normal groups 
(Table 4.1).  
 
An informed consent (Appendix 2) was obtained from each subject after the goal and 
methods of the study were explained. A transport allowance was given to all the 
subjects. The Research & Ethics committee of NUH (Ref. 99/016) approved the study 
procedure stated here.  The research followed the tenets of the Declaration of Helsinki. 
 
Table 4.1: Subject’s Anthropometric Data 
 Normal subjects (N=21) Glaucoma patients (N=36)
Age 51 ± 11.7 yrs 54 ± 10.8 yrs 
Male:Female 4:17 22:14 
Height 154  ± 13.6 cm 159 ± 12.9 cm 
Weight 62 ± 12 kg 64 ± 13.2 kg 
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Inclusion criteria  
Patients were included if their best-corrected visual acuity was 6/12 or better on the 
Snellen's chart, with a reliable visual field that is consistent with a glaucomatous field 
defect evaluated with the HFA. A reliable visual field test was defined as one with 
fewer than 15% false-positive responses, 15% false negative responses and 20% 
fixation losses.  The glaucomatous field defects were scored using the Advanced 
Glaucoma Intervention Study (AGIS) score (Appendix 1). Higher the score worse is 
the glaucoma.  The glaucoma stages were broadly distributed among the patients as 
shown in Table 4.2.  
 
Table 4.2: Distribution of the AGIS visual field score in each eye of the 36 glaucoma 
patients 
AGIS Score Glaucoma category Number of eyes 
0 None 14 
1-5 Mild 18 
6-11 Moderate 22 
12-17 Severe 15 
18-20 End-stage  3 
 
Out of 36 patients there were 10 patients with unilateral field losses and the rest had 
bilateral field losses.  The assymetrical field loss/AGIS scores ranged from 2 to 20, the 
mean and median being 5.55 and 5.0 respectively. 
 
Subjects with normal vision were included if they had no family history of glaucoma, 
their corrected visual acuity was 6/12 or better on the Snellen’s chart,  their visual 
fields on the HFA were normal, and their cup/disc ratio was ≤ 0.3 and IOP < 21 
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mmHg. A posterior pole examination was performed on all patients and none of them 
had any positive fundal/retinal findings.   
 
Exclusion criteria 
Subjects were excluded if they had any ocular problem that causes visual field defects, 
or a significant cataract, or high myopia, or a history of dizziness and imbalance, or a 
history of neurological, orthopaedic or vestibular problems.  A detailed questionnaire 
was used to determine the general health and well-being of the patient.   From the 
answers of the questionnaire, none of them had diabetes mellitus or high blood 





The postural sway was measured with a Vicon motion analysis system comprising a 
force measuring platform with 4 piezoelectric transducers, that allows to measure the 
trajectory of the center of  pressure (COP) of feet in the standing subjects. The force-
plate was in level with the surrounding floor. 
 
The data was sampled from the force transducers at 100 Hz for 20 s. The COP of feet 
positions in time were convoluted with a Hamming filter of width 17, a low-pass 
filtering with a cut-off frequency of 15 Hz.  
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The visual scene consisted of a 3-panel board covered with a contrast pattern 
subtending a visual angle of 180 deg (horizontal) by 90 deg (vertical). The central 
panel was fronto-parallel, with a fixation mark at the center. The 2 side panels were 
rotated by 115 deg around a vertical axis, relative to the fronto-parallel plane. The 













The subjects stood barefoot as still as possible, with arms at the side, and feet 
separated by an angle of 30 deg and heels placed 5 cm apart, at a distance of 50 cm 
from the 3 panel board.  By placing a foam support underneath the subjects’ feet, it is 
possible to reduce the somatosensory contribution to posture stability, and to enhance 
the role of the visual input (Straube et al, 1988; Baloh et al, 1994; Lord et al, 2000). 
Therefore we measured the postural sway in 2 conditions. In condition NO FOAM, 
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subjects stood directly on the force-plate and in condition FOAM, they stood on a slab 
of rubber foam (6 cm thick, density 40 g/dm3) covered with a thin wooden plate.  
  
Each subject participated in five sessions of static postural sway recordings for each of 
the foam and no foam conditions, and for 4 visual conditions (i) eyes open (EO) (ii) 
eyes closed (EC) (iii) right eye open and (iv) left eye open.  Each session lasted for 30 
s which included 10 s of stabilizing time, followed by 20 s recording of postural sway. 
In all the conditions except EC, the subjects were instructed to look at the central 
fixation target measuring (6 cm x 6 cm).  In this study the effect of presbyopia is not 
significant on a target measuring 6 cm x 6 cm, this size is much larger about N200 
than the last line N48 on the N chart which is usually read at a distance of 30-40 cms. 
Moreover, the subjects did not have to report any fine details while maintaining 
fixation.  For data recording in EC condition, the subjects were asked to close their 
eyes and an eye mask made up of cloth was used to cover their eyes.  For monocular 
data recording the eye closure was performed by using a patch as done while testing 




The order of visual conditions was randomized. The observer was not masked to the 
status of the study subject, but the measurement system was automated, and hence 
there was no observer bias. 
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4.2.4 Measurement of the sway parameters 
 
We measured the parameters such as the sway velocity, Romberg quotient and Visual 
Stabilization Ratio to study the effect of vision on postural stabilization in glaucoma.  
These parameters are defined next. 
 
The sway velocity (V) 
The mean COP of feet velocity (V) (square root of the sum of the squares of velocities 
Vx in the right-left (R-L) direction and Vy in the antero-posterior (A-P) direction) was 
measured in all conditions. Vclose is the velocity in condition EC, Vopen is the velocity 
in EO, Vright is the velocity in the ‘right eye open’ condition, and Vleft is the velocity in 
the ‘left eye open’ condition. 
 
Romberg quotient (R) 
The magnitude of the visual contribution to postural stabilization is usually quantified 
by the Romberg quotient (R). The binocular Romberg quotient is defined as 
Rbino=Vclose/Vopen, and the monocular Romberg quotients are Rleft =Vclose/Vleft and Rright 
= Vclose/Vright. Also, the Romberg R has been calculated for the Root Mean Square 
(RMS) of positions as:  R(RMS) = RMS(EC)/RMS(EO) 
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The visual Stabilization Ratio (VSR)
From Chapter 3, it is observed that the variability in the velocity increases linearly 
with the increase in velocity, and that the logarithmic value of the velocity has a stable 
variability over the range of velocities. Therefore, we prefer to use the logarithmic 
value of the sway velocity as a basic measurement. Moreover, we chose to measure the 
stabilization, which increases as the efficiency of the visual input increases. Hence we 
quantify the visual contribution to postural stability by defining the visual stabilization 
ratio (VSR): VSR=1-log (Vopen+1)/log(Vclose+1), where Vopen and Vclose are expressed in 
cm/s. The term +1 allows the VSR to be defined for any sway velocity, without 
changing much the value of the VSR.  The stabilization ratio VSR(RMS) has been 
calculated similarly as: VSR(RMS) = 1-log[(RMS(EO)+1)/(RMS(EC)+1)] 
 
4.3 Results  
 
Result 1: Comparison of sway velocities in subjects with normal vision and 
Glaucoma 
 
The sway velocity in the condition “eyes closed” is similar for both populations, but 
there is a systematic increase of the sway for patients, as compared to normals with 
one or both eyes open. The increase in sway is significant only for the foam condition 
in monocular vision (Figure 4.2). 
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Figure 4.2: Postural sway velocities in patients and subjects with normal vision in the 
conditions eyes close (left graphs), right or left eye open (central graphs) and two eyes 
open (right graphs).  The correlation values are indicated on the graph. 
Comparison of different variables in normal subjects 
 
Here we examined how the 4 different variables: VSR(RMS), R(RMS), VSR(V) and 
R(V) quantify the visual contribution to posture in the normal subjects. Table 4.3 gives 
the results of a paired t-test between the Romberg and the value 1 (no visual 
contribution) and between the VSR and the value 0 (no visual contribution). In each 
condition, VSR(V) is the variable that gives the most reliable measurement of the 





































(RMS) 0.30 0.08 16.80 * 0.22 0.11 9.43 * 
R (RMS) 2.01 0.40 11.59 * 1.60 0.40 6.91 0.00
VSR (V) 0.20 0.05 18.77 * 0.16 0.06 11.61 * 
R(V) 1.96 0.31 14.30 * 1.64 0.36 8.22 * 
 
Legend: Results for 21 normal subjects on foam (left) or without foam (right).  A * indicates 
p<1.E-6. The Student-t has been calculated with reference to zero for the VSR, and with 
reference to one for the Romberg R (i.e. with reference to a total lack of visual contribution to 
posture in each case). 
 
 
Result 2:  Comparison of the visual stabilization in normals and glaucoma 
 
 
In both monocular (Figure 4.3) and binocular (Figure 4.4) vision the median velocity 
of visual stabilization is lower for the glaucoma group than the normal vision group on 
foam and without foam condition. In the monocular condition, we cannot perform a t-
test on the total eye population, because we then confound the intra- and inter-subject 
variability. However, for the binocular test, we performed a t-test to compare the 
stabilization in the patients and the normals and found a significant difference in the 
condition FOAM (indicated in Figure 4.4).   
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Figure 4.3:  Comparison of monocular stabilization in normals and glaucoma in the 
NOFOAM (left) and FOAM (right) conditions 





























p = 0.002t = 0.83
p= 0.41
Figure 4.4:  Comparison of binocular stabilization in normals and glaucoma with and 
without foam. The results of a t-test comparing the glaucoma and normals are indicated 
in each graph. 
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There is a large difference in the sex distribution between the two groups.  However, 
this difference in distriubtion between the two groups does not have any significant 
effect on the results obtained as indicated by the ANOVA, p< 0.31. 
 
 
Result 3: Correlations between the monocular visual stabilization and the 
monocular AGIS score 
 
The monocular stabilization (VSRleft and VSRright) decreases as the visual field damage 
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Figure 4.5: Monocular stabilization vs monocular AGIS score 
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Figure 4.5 shows that we do not observe any monocular destabilization (VSR below 0) 
except for one eye in the NO FOAM condition. However this destabilization is very 
small (VSR = -0.002). 
 
The other remarkable result is that, even at high AGIS scores, VSR seems to remain 
positive. The 3 eyes with AGIS score of 20 present a VSR between 0.04 and 0.13. 
Therefore, in monocular vision, we do not observe a postural blindness (zero 
stabilization) even at the highest AGIS scores. 
 
Taking one eye at random in each subject showed that the decrease of the VSR with 
increase in AGIS score is significant when all patients and normals are grouped (Table 
4.4). 
 




NO FOAM FOAM 
 
Subjects 
r p r p 
Patients (N=36) & 
Normals (N=21) 
-0.26 0.049 -0.35 0.008 
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Result 4: Correlations between the binocular visual stabilization and the mean 
AGIS score  
 
 
Binocular stabilization also decreases as the mean4 of the glaucoma damage of the two 
eyes increases (Figure 4.6). This effect is significant in the FOAM condition. 
 





































Figure 4.6: Binocular stabilization vs mean AGIS score (RE & LE). The correlation 
values and its significance are indicated on each graph 
                                                 
4 (AGIS score RE + AGIS score LE)/2 
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Result 5: Difference in AGIS scores versus difference between stabilization of two 
eyes 
 
We measured how the difference between the severity of glaucoma damage between 
the left and the right eye correlates with the difference between the stabilization (VSR) 
of the two eyes. This correlation was significant for the FOAM condition (Figure 4.7). 
 
DIFFERENCE IN AGIS SCORE vs DIFFERENCE BETWEEN STABILISATION OF TWO EYES
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Figure 4.7:  Difference in AGIS scores vs difference between stabilization (VSR) of 
two eyes for the patients (N=36).  The correlation and significant values are indicated 







Result 6: Relationship between monocular and binocular stabilization in the 
glaucoma group 
 
The binocular stabilization significantly increases with the mean5  of the monocular 
stabilization of the two eyes (Figure 4.8A). Also, it tends to decrease as the difference 
in stabilization between the 2 eyes increases (Figure 4.8B), although not significantly. 
Therefore, the quality of the binocular visual stabilization is well predicted by the 
quality of the monocular stabilization, and tends to be slightly reduced if there is an 
asymmetry between the 2 monocular stabilization responses (due to an asymmetry in 
the AGIS score for instance). 
 
BINOCULAR STABILISATION vs MEAN STABILISATION AND
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Figure 4.8:  Relationship between the binocular stabilization and (A) the mean stabilization 
over the 2 eyes (B) the difference in monocular stabilization in glaucoma patients.  The 
correlation and significant values are indicated on the graph. 
                                                 
5 (Stabilisation of RE + Stabilisation of LE)/2 
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Result 7: Comparison of the normal and the patient eyes with AGIS score = 0 
Here we investigated whether a relationship exists between stabilization and visual 
motion perception prior to the onset of field defects.  We compared the stabilization 
between subjects with normal vision (42 eyes) and glaucoma patients with zero AGIS 
score (14 eyes).   In AGIS scoring, a score of zero is given (1) to eyes with no visual 
field damage that have a high IOP and no field damage called ocular hypertensive (10 
eyes) and (2) to eyes that have one or two depressed points in the visual field 
indicating early field losses (4 eyes). Considering all 14 eyes of  glaucoma patients 
with zero AGIS score and all subjects with normal vision it is seen that the 
stabilization is in the lower range for the glaucoma group, as compared to the normals 
(Figure 4.9). 
 
POSTURAL STABILISATION IN PATIENTS WITH ZERO AGIS SCORE







































Figure 4.9: Histogram of the monocular stabilization ratio (VSR) for the normals, and 
for the patients’ eyes with AGIS=0.  Dark bars represent the patients eyes (N=14) and 
light bars the subjects with normal vision (N=42)  
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Now, if four eyes that have early visual field defect due to glaucoma are excluded from 
the analysis, the stabilization remains lower in the OHT eyes of patients with 
glaucoma in the other eye as compared to the normal vision group (Figure 4.10).  In 
conclusion, the stabilization for glaucoma eyes with AGIS score = 0 tends to be lower 
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Figure 4.10:  Comparison of the monocular stabilization in glaucoma and subjects with 
normal vision on FOAM condition.  Graph A represents normals and patients (10 OHT 
+ 4 glaucoma eyes with AGIS = 0) and graph B represents normals and only OHT eyes 
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 4.4 Discussion 
 
In summary we find that: 
• the monocular and binocular stabilization tend to decrease as the AGIS score 
increases, this being significant for most of our statistical tests, particularly in 
the FOAM condition 
• the visual contribution to posture stabilization tends to be lower for glaucoma 
eyes with AGIS score = 0 than in normal eyes.  
• by contrast, even at high AGIS scores = 20, vision still contributes to postural 
stability. 
 
In subjects with mild glaucoma AGIS score of 1-5 the range of stabilization is 0.03-
0.26 with a mean of 0.15±0.05 while the range for subjects with normal vision is 
0.09-0.28 with a mean of 0.17± 0.04. Although there is a substantial overlap between 
the distribution of the two groups in stabilization, the mean stabilization of the 
glaucoma group is lower than the normal vision group. Similarly, when the 
stabilization of the normal subjects was compared to the 10 eyes of patients with no 
visual field defects  (AGIS score = 0), with IOP in the range of 13-22 mm Hg (some 
eyes were on antiglaucoma medication as prophylaxis), and cup/disc ratio of 0.4-0.6 
(normal cup/disc ratio is ≤ 3) the mean stabilization was again found to be lower in 
the glaucoma group (Figure 4.10). This result was particularly interesting because 
factors other than loss of visual fields may have contributed to lower the visual 
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stabilization effect. The other factors could be due to the loss of ganglion cells which 
mediates motion perception that are not detected by classical perimetry and with 
sufficient redundancy for the P fibers so that the deficit is not detected in classical 
perimetry but actually affects motion processing, as in Wall’s motion perimetry. 
 
In our study, the normal vision and the OHT group (10 eyes) had visual acuity of 6/12 
or better as recorded on the Snellen chart.  Despite the normal visual parameters, the 
OHT group had a lower stabilization.  One possible interpretation of this finding is that 
processing of visual motion (optic flow) may be impaired in these eyes due to 
preferential loss of large diameter optic nerve fibers in early glaucoma.  While 
stabilization tends to decrease before the onset of the field defects, it is as well 
interesting to note that patients can still maintain stabilization even with advanced 
visual field loss. Hence we observe no visual destabilization effect in our population of 
glaucoma, which contrasts, with the findings of the study on patients with retinitis 
pigmentosa (Turano et al, 1993).    
 
The fact that we do not observe destabilization in glaucoma patients compared to 
Turano et al (1993) may be  attributed to the following reasons 1) Turano et al used a 
sway-referenced platform, which reduces the somatosensory inputs to posture 
stabilization, whereas this attenuation may be smaller with our FOAM condition, 
because the whole support remains horizontal. 2) The visual stimulus in our study was 
larger (180 deg × 90 deg) than Turano’s (51 deg × 38 deg), which means in our study 
 91
we recruit a larger visual contribution to posture stabilization. We agree that Turano’s 
methods are more sensitive to the detection of pathology, as they test smaller parts of 
the visual field.  If an extensive area within this small field is lost it could lead to 
destabilisation, however when large field is considered as in our case, even an 
extensive loss in a particular part of the visual field area may not lead to 
destabilisation.   But we believe that in normal day to day activity one relies on large 
visual motion effect of the surrounding and the tests on large visual screen encompass 
the detection of pathology due to both smaller and larger parts of the visual field.   
 
It is prominent from Turano’s study that visual destabilisation effect was observed in 3 
of 20 normal subjects (stabilization index below 1). In the present and other pilot 
experiments that we conducted on the patients rarely did we observed a destabilization 
(Romberg was very close to 1 in these cases), and certainly not in normal subjects. 
Indeed it is quite critical to determine whether some ophthalmic pathologies induce an 
anomalous processing of visual information in the remaining visual field, as suggested 
by Turano et al (1993) for retinitis pigmentosa.  Our data shows that motion processing 
may be altered in areas outside the damaged visual fields determined by DLS 
perimetry, (confirming other studies on motion perception in glaucoma), leading to no 
contribution from these areas towards stabilisation.  
 
Impairment in motion perception has been demonstrated in patients with POAG and 
OHT before field defects are detected on the DLS.  Our data also shows that a loss of 
sensitivity to visual motion input may occur prior to the onset of visual field loss by 
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demonstrating that eyes with zero AGIS (no field defects) score shows lower 
stabilization when compared to normal vision group. However, we know that at least 
20-40% of the ganglion cells should be lost before field defects are detected on the 
DLS perimetry (Joffe et al, 1997). Therefore, the accuracy of our results can be 
justified based on the assumption that the zero scores obtained in our glaucoma 
patients does not correspond to absolute zero. The reason being that some of these eyes 
may demonstrate visual field defects if evaluated using a motion automated perimetry 
where field defects are detected much earlier than on the DLS perimetry.  Also 
considering the database of the normal subjects (presenting totally normal visual 
fields) the question arises whether a given percentage of them present early glaucoma 
deficits that were not detected using the HFA hence leading to a decrease in the 
sensitivity of the test. All normal subjects considered in our study had undergone a 
complete pre participant ophthalmic examination and they had no clinical signs of   
glaucoma.   Therefore, at this point we may be able to say that visual motion 
processing might be impaired for postural stabilization before the diagnosis of 
glaucoma.  
 
Processing of optic flow information is critical for any type of navigation in the 
environment. Optic flow patterns occur whenever we move through the environment 
and correct interpretation of the pattern of motion on the retina that is produced by 
self-motion or object motion is crucial to navigate safely through the environment and 
to avoid collision. Therefore, our result suggest the possible difficulties that these 
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patients may encounter in their daily activities, in particular for driving and locomotion 
as it requires the processing of optic flow input. 
 
The question of safe mobility particularly concerns the elderly since falling is a major 
risk in them (Overstall et al, 1977; Tinetti et al, 1988). The loss of stability in elderly 
patients with glaucoma should be more severe than in young adults as elderly subjects 
rely more on visual information for postural control (Konczak, 1994) and less on 
somatosensory and vestibular input (Straube et al, 1988). The risk of fall is further 
enhanced, under altered somatosensory conditions such as walking on thick carpets, 
uneven surfaces or slippery terrain as the subject relies more on visual system to 
maintain stabilisation. Glaucoma patients included in this study had no associated 
systemic pathology or other causes of impaired vision that affects postural stability.  If 
glaucoma is associated with diabetes mellitus (DM) it enhances the risk of fall as it has 
been demonstrated that in patients with DM with cutaneous sensory deficit there is a 
significant loss of balance (Simmons et al, 1997). Similarly associated causes for 
impaired vision such as age related macular degeneration (ARMD) further enhance the 
risk of fall.  Therefore, all patients with glaucoma and in particular the elderly who 
rely more on visual information should be warned against the risk of fall as visual 
motion processing is impaired even at the score zero as quantified using the AGIS 
score. 
 
To conclude, our study confirms that glaucoma significantly affects stabilization of 
posture and the deficits in postural stabilization correlates significantly with the 
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severity of field damage. The most striking result is that stabilization is lower in eyes 
with zero AGIS score. A question remains for further investigation, whether the visual 
motion processing deficits unique to these eyes can be demonstrated in a group of 
ocular hypertensive (OHT) patients. Therefore, the future proposal is to study postural 
stability in a group of OHT patients to assess whether deficit in visual motion 
processing is present in comparison to normal group.  
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C h a p t e r  5  
 





The visual perception of the 3D space is important for the navigation in the 
environment.  It has been shown that motion parallax is used by the visual system for 
the perception of 3D space, when it is generated either by self-motion or object-motion 
(Gibson 1950; Rogers & Graham 1979).  It has been proposed that primary open angle 
glaucoma (POAG) might affect preferentially the magnocellular (M) pathway 
(Quigley et al, 1988; Glovinsky et al, 1991).  Since motion perception is mediated 
mainly by the M pathway we investigated the impairment in the processing of 3D 
shape from motion parallax (MP) cues, as compared to static texture (ST) cues, in 
POAG.  Our working hypothesis is that glaucoma patients might exhibit a stronger 
deficit in the processing of motion cues, as compared to static cues.  
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The stimulus consisted of a random distribution of dots over a surface. The dots were 
either (1) in motion as if they belonged to a spherical or a planar surface rotating in 
depth or  (2) static as if  they were arranged over a spherical or a planar surface.  
 
In the motion stimulus, each static image represented a random dot distribution (Figure 
5.1), but the motion sequence of the images was readily perceived as showing a 
smooth curved or planar surface rotating in depth. A central cross was provided as a 










Figure 5.1: Distribution of dots over a motion surface 
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In the static stimulus (Figure 5.2), the dots were arranged along the lines that were 
either slightly curved (spherical surface) or straight (planar surface).  This was 
obtained by using first an orthogonal grid pattern of dots in the fronto-parallel plane. 
 
Then the 3D position of these dots, as belonging to a spherical or planar surface, was 
calculated, by back projection.  We obtained a textured surface, spherical or planar.  
This surface was then slanted in depth along an arbitrary direction (randomly varying 
between trials) by a random angle ranging between 4 and 8 deg, relative to the fronto-
















Figure 5.2: Distribution of dots over a static surface representing a spherical surface 
 
The dots and the cross were displayed in green over a black background. The green 
colour was used, instead of white, to avoid problems of superimposing accurately the 
three beams of the video projector.  In addition green has a low color after effect 
(Paradis et al, 2000). The global luminance was in the range of 0.09 - 0.12 cd/m2. The 
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average dot velocity in the motion stimulus was 1 deg/s.  The dot density was 0.32 
dots/deg2. 
 
5.2.2 Experimental Set-up and Procedure 
 
The experiment was conducted in a dark room. The subject was seated at a distance of 
1 meter in front of the translucent screen (Figure 5.3).  Each eye was tested separately 
for the motion and the static tests. The stimulus was a dotted sphere or a plane with a 
fixation mark at the centre.  The images of these stimuli were displayed on the large 
screen from a computer, by means of a video projector, to cover a 60 deg visual angle. 
The surfaces of different diameters were presented in random order.  The subjects had 
to report whether the surface appeared spherical or planar. No feedback was given. 












Figure 5.3: System Setup 
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Instructions to subject 
• You will be shown surfaces with dots that are moving or static.  
• You will have to say whether it is spherical (ball like) or flat. 
• The spherical or flat surfaces will be shown in random order. 
 
Verbal report after the experiment 
 
The subjects had to answer a brief questionnaire regarding how comfortable they were 
during the test and what surfaces they perceived during the test.  The instructions to 
subject and the questionnaire is provided in Appendix 5. 
 
Data analysis  
 
The percentage of correct responses (PCR) was calculated for surfaces of different 
diameters and compared to the visual field damage quantified by the AGIS score for 
each eye. 
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 5.3 Experiments 
 
Two main experiments were conducted. In both experiments a training session was 
provided for the subjects followed by an experimental session. A written informed 
consent (Appendix 4) was obtained from each subject prior to the experiment, and the 
approval for the study was obtained from the Research & Ethics committee, National 
University Hospital Ref. 99/017.  The research followed the tenets of the Declaration of 
Helsinki.  A transport allowance was given to all the subjects. 
 
Experiment 1 was conducted on young and elderly subjects with normal vision.  This 
experiment was further divided into two sub-experiments.  The first experiment (i) was 
conducted on young subjects with normal vision to standardize the 3D test by 
adjusting the viewing parameters such as rotation speed, viewing duration, sphere 
radii. The second experiment (ii) was to evaluate the performance in elderly subjects 
with normal vision and to compare the results obtained with the young subjects.   
 
In the subsequent part of the chapter, we refer motion parallax (MP) test as motion test 
and static texture (ST) as static test for convenience. 
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 5.3.1 Experiment 1 
 
(i) Sphere test in young subjects 
 
Goal:  To standardise the 3D test by adjusting the viewing parameters, such that the 
percentage of correct responses are in the range of 60% to 95% in the motion test and 
75% to 90% in the static test.  
Methods: 
Subjects:  8 young subjects with normal vision in the age group of 20-30 years 
participated in the experiment. 
Inclusion Criteria 
 
Subjects were included if they had no history of any eye disease, a best corrected 
visual acuity (BCVA) of 6/12 or better on the Snellen's chart, a normal visual field test 
on the (24-2) program of the HFA, and a normal fundus with a cup/disc ratio of  ≤ 0.3 
and IOP < 21 mmHg.  
Procedure:  The set-up is as described in the section Experimental Set-up and 
Procedure (page 3). 
Trials:   All subjects completed 3 trials of motion and static tests on the right and left 
eye separately.  Each trial consisted of 48 stimulus (planar and curved surfaces) 
presented in random order, with a duration of 140 to 180 ms per stimulus.   This 
duration was chosen to limit the effect of eye movements (the latency is typically 125 
ms for pursuit, and 200 to 250 ms for saccades). 
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Results:  The results are shown in Figure 5.4a for young normal subjects.  As can be 
seen, the percentage of correct responses of the subjects was in the range of 80% to 
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Figure 5.4: Results of the motion and static tests in a) young normal and b) elderly 
normal subjects. Abscissa: Initials of each subject, Ordinates: Percentage of correct 
responses 
The next experiment (ii) was conducted to evaluate the performance of normal elderly 
subjects. 
 
(ii) Sphere test on elderly subjects 
 
Goal: To evaluate the performance of normal young subjects and elderly normal 





Subjects:  5 elderly subjects in the age group of 45-65 years participated in the test. 
Inclusion Criteria 
 
Same as in experiment (i). 
Procedure: The same set up as used in experiment (i).  
Trials:  Same as in experiment (i). 
Results:  Most of the elderly subjects obtained correct responses ranging from 88% to 
91% in the motion test and 75% to 95% in the static test (Figure 5.4b).  
 
The young and elderly subjects showed a better performance in motion test than in the 
static test.  A parametric dependent t-test revealed that the difference in performance 
between the motion and static tests was significant only in the young subjects (Table 
5.1).  In this Table the value marked with an * is statistically significant at p<0.05.   
There is no significant difference in performance between the two groups for motion 
and static tests (independent t test, t = 1.17, p < 0.26 for motion; and t = -0.13, p = 0.89 
for static). The 't' value is the value for the Student's t distribution.  A negative t 
indicates a lower performance of the younger age group for the static test.  
 
Table 5.1: Comparison of static vs motion tests in the 2 populations 
Mean performance (in percentage 
of correct responses) 
Dependent t test  
Subjects 
Motion Static t p 
Young (N=8) 91.62 ± 7.99 85 ± 5.24 3.14 0.02* 




REMARK:  We expected a slight drop in performance in the elderly subjects, as 
compared to young subjects because there may be a deterioration in visual function 
with increasing age.  But there was no significant difference in performance between 
the two groups for the motion and the static tests.  The results confirm that the 
inclusion criteria for the elderly subjects and the experimental parameters were 
correctly chosen to meet the goal. Therefore in the next experiment (2) using the 
motion and static tests we expect some decrease in performance in glaucoma patients 
(45-65 years) as compared to the aged matched elderly normal subjects. 
♦ 
Conclusion:  The conclusions are (1) our experimental parameters yield PCR between 
80 and 99%, which achieves our target to detect glaucoma-related defects and (2) we 
were surprised that there were no age-related impairment in our results. 
 
Visual Field Evaluation in Glaucoma 
 
 
In early glaucoma the mid-peripheral (paracentral, and nasal steps within 30 deg visual 
field) areas are often affected (Drance et al, 1978, 1969, 1972). In some cases, the 
defects occur in the nasal periphery alone (Miller et al, 1989; Ballon et al, 1992). 
However, in clinical practice only the central 24 deg or 30 deg of the visual fields are 
evaluated for cases of suspected glaucoma and also to monitor the progression of the 
disease in established cases. It is uncommon to evaluate the visual field areas beyond 
30 deg eccentricities in regular clinical practice. A review of motion perception studies 
(Shabana et al, 2003) suggests that a prominent loss in motion sensitivity occurs at 
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large visual angles. Motion tests at eccentricities (motion perimetry) also demonstrate 
a higher sensitivity in detecting glaucoma than tests for motion in central vision. This 
observed functional deficit in motion studies is due to the degree of reduced 
redundancy present in neuronal sub-population which mediates perception.  
 
Therefore, in experiment 2 we chose to study and compare the performance of 
glaucoma patients using the motion and static tests by testing them in  
1) the central 60 deg (Figure 5.5a and Figure 5.6a) of the visual field to evaluate 
large field vision (both central and peripheral) 
2) the central 30 deg (Figure 5.5b and Figure 5.6b) of the visual field that is most 
commonly evaluated in diagnosis and follow-up of glaucoma and  
b c a 
3) the peripheral 30-60 deg (Figure 5.5c and Figure 5.6c) annulus, an area that is 
normally not evaluated in glaucoma  
Figure 5.5: Motion parallax stimuli of different sizes presented within different fields 
of view a) 60 deg diameter in visual angle b) 30 deg diameter in visual angle c)  60 deg 







Figure 5.6: Static stimuli of different sizes representing the spherical surface presented 
within different fields of view.  a) 60 deg diameter in visual angle b) 30 deg diameter in 
visual angle c) 60 deg diameter in visual angle (no central 30 deg information).  Dot 
density 0.19 dots/deg2 
 
5.3.2 Experiment 2 
 
Goal:  To compare the performance of glaucoma patients using motion and static 3D 
test with an age-matched control population.  
 
Methods: 
Subjects: Ten unilateral or bilateral POAG, and five aged-matched subjects with 
normal vision with an age range of 45-65 years participated in the study. 
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Inclusion criteria 
   
POAG subjects with a BCVA of 6/12 or better on the Snellen’s chart, and visual field 
evaluated on the C-24-2 program of the HFA were included. The AGIS score of the 




Subjects were excluded if they had ocular surgery, or trauma to eye, or hypertensive or 
diabetic retinopathy, or squint, or known secondary causes of elevated IOP, or angle 
closure glaucoma or any disease causing visual field loss, or high myopia (>6D), or 
eyes with a significant cataract. 
Procedure: The set-up is as described in the section 5.2.2 “Experimental Set-up and 
Procedure”. 
Trials:  Each subject underwent 2 trials for motion and static tests.  Each trial 
consisted of 24 sessions of stimulus presentation of planar and curved surfaces in 
random order.  The stimulus was presented for 150 to 160 ms. 
 
 
5.4 Statistical Analysis of the Data  
 
 
In order to study the relationship between percentage of correct responses (PCR) and 
the monocular visual defects scored by the AGIS, we simply cannot correlate PCR and 
AGIS for the full eye population (15 subjects, 2 eyes per subject). By doing so we then 
confound the intra-individual and inter-individual variability (for each subject, the 
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PCR of the 2 eyes are correlated). Therefore, there are two choices, (i) either taking 
randomly the left or right eye for each subject, or (ii) further modelling the data to take 
into account both the variabilities (models 1 and 2).  Given our low number of 
subjects, we would lose too much of statistical power by making the first choice. 
Therefore we chose to model our data. The two models that we propose below were 
developed specifically for the data that corresponds to the responses of the 2 eyes of 
each subject with different AGIS score.  
 
A model is proposed to account for experimental results such that the number of fitted 
parameters remains small relative to the number of data points. The correlation 
approach consists in fitting a model to a data set, i.e. fitting an affine model of the type 
y = a.x + b (straight line equation) into a data set. 
 
Before developing the models it is convenient to introduce the variable P, which 







The initial data set consists of the values of P and AGIS for the 2 eyes of N subjects. 
This model fits parallel lines into the data set (Figure 5.7A). Each parallel line 
corresponds to the data for one subject (P for the left eye and right eye, as a function of 
the AGIS). The underlying idea is that a given decrease in the AGIS should lead to a 
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given decrease in PCR for all subjects. Since all the lines should then have the same 
negative slope a, their equations are:  
 
 
AGISasubjectkP ×−= )(  (1) 
 
where k(subject) is the offset for each line, or the virtual performance of that subject if 
AGIS = 0. 
 
We can write equation (1) for each eye of individual subject. Each subject will reach a 
zero level of performance for 
a
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Figure 5.7: Lines fitting a data set A) parallel lines B) lines converging to a single point 
Eliminating the unknown k(subject) from equation (1), we obtain 
 
AGISaP ∆×−=∆   (2) 
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As stated above this equation corresponds to a model with one parameter a and N data 







Suppose that all subjects reach a performance zero at a fixed (high) AGIS score 
(Figure 5.7B), we can consider the second model: 
 
]1)[( AGISasubjectkP ×−=   (3) 
 
In this model, the rate of decrease of P is higher for the subjects who performed well in 
the absence of glaucoma, and all subjects reach a zero-performance level for 
a
AGIS 1= . 
♦ 
Eliminating the unknown k(subject) from equation (3) we obtain 
 
][ RLLR PAGISPAGISaP ×−××−=∆  (4) 
Where  ∆P = PR - PL and ∆AGIS = AGISR - AGISL (subscript R and L represent the 
right and left eyes). 
 
Equations (2) and (4) lead to the statistical determination of constant a for models 1 
and 2, respectively.  Also, these equations translate models 1 and 2 into linear 
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relationships between functions that depends on the performance and AGIS of the 2 
eyes of each subject. The dependence of P on AGIS in equations (1) and (3) is 
represented by the constant a. Therefore we can use the statistical determination of the 
equations (2) and (4) to quantify how P is related to a. Also, we can determine the 
proportion of explained variance by the differential equations (2) and (4), to compare 
models 1 and 2. 
 
The validity of the 2 models proposed here holds because they account for a fair part 
of the variability in the data (see the ratio of explained variance in Table 5.3).  
However, in order to compare them with the classical correlation method, we have to 
compare also the number of degrees of freedom (if one uses a large number of 
parameters the model will artificially give a better fit of the data). However, our 2 
models do not introduce additional parameters in the modelling of the data, as 
compared to the first (i) approach (correlation). Indeed, by measuring the correlation of 
P and AGIS for N eyes (1 eye chosen at random for N subjects), we would actually fit 
an affine function y = a.x+ b through N data points, and we would get 2 parameters (a 
and b) for N readings. Alternatively, our models lead to the fitting of the parameter a 
of linear functions y = a.x through N data points (equations (2) and (4) above). 
Therefore we do not increase the number of parameters, but rather decrease it.  
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 5.5 Results 
 
 
Result 1: Verbal report 
 
 
From the oral report after the test it is concluded that the normal subjects find it easier 
to differentiate between plane and curved surfaces when a moving stimulus is 
presented, as compared to a static stimulus presentation.  Among patients it was rather 
difficult to decide whether the moving or the static stimulus was easier, as an equal 
percentage of population preferred either type of stimulus for the experimentation. 
Therefore the verbal reports suggest that the preference for motion cues might be 
weakened in the presence of glaucoma.  
 
Result 2: Analysis of performance from raw data 
 
 
Result 2a: Statistical relationship between the PCR and AGIS score 
 
 
Figure 5.8 illustrates the difference in performance (∆P) between the two eyes as a 
function of the difference in AGIS score (∆AGIS).  Subject ‘WTP’ represents an 
outlier, because he has a high asymmetrical glaucoma between the 2 eyes (the absolute 
value of ∆AGIS is 18 for this subject, and is below 4 for all other subjects).  Figure 5.8 
illustrates how the results for this subject strongly affect the correlation between ∆P 
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and ∆AGIS. Therefore we chose to perform our statistical analyses for the full 
population of 15 subjects, and also without subject ‘WTP’ (14 subjects). 
 
Table 5.2 shows the statistical determination of the constant a for models 1 and 2 and 
Table 5.3 shows the proportion of explained variance for the equations (2) and (4) 
respectively. 
 
DIFFERENCES IN PERFORMANCE AND AGIS SCORES OF RIGHT AND LEFT EYE
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Figure 5.8:  Difference of performance between the 2 eyes as a function of the 
difference in AGIS score. Subject ‘WTP’ corresponds to the rightmost point 
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It can be seen from Tables 5.2 and 5.3, that subject ‘WTP’ strongly affects most of the 
results. Therefore we consider as valid only the results that are still true for the 14 
other subjects who form a homogeneous sample.  The proportion of explained variance 
is systematically higher for the second model, than for the first model (Table 5.3).  
Therefore the second model gives a better account of the data. Table 5.2 indicates that 
for model 2, the motion and static tests show a significant dependence on the AGIS 
score for the annulus and the full-field tests. 
 
Table 5.2: Statistical determination of the constant a for models 1 and 2. * indicates 
p<0.01 or smaller 











Field of View 
a & p a & p a & p a & p 
Central (30°) 1.01 (p<0.02) -0.80 (NS) 0.04 (*) 0.02 (NS) 





Full-field (60°) 1.98 (*) 2.04 (NS) 0.05 (*) 0.05 (*) 
Central (30°) 2.11 (*) 0.71 (NS) 0.04 (*) 0.04 (NS) 









Table 5.3: Proportion of explained variance for the equations (3) and (4) 
Proportion of variance explained 




Field of View 
15 subjects 14 subjects 15 subjects 14 subjects 
Central (30°) 0.37 0.02 0.50 0.08 





Full-field (60°) 0.69 0.23 0.86 0.64 
Central (30°) 0.64 0.02 0.72 0.14   
 
Static Annulus (30°-60°) 0.33 0.08 0.64 0.64 





Result 2b: Decrease of the performance by glaucoma category 
 
 
The subjects’ eyes were grouped into 4 categories: Group 1 (AGIS score = 0, normal 
eyes); Group 2 (AGIS score = 1 to 3); Group 3 (AGIS score = 4 to 8); and Group 4 
(AGIS score = 9 and above). Figure 5.9 shows that the decay of the median value of 
the PCR as AGIS score grows is clear only for the annulus test, for the motion and 
static stimuli. In addition, this decay is clear only for Group 4, as compared to the 
other three groups. Therefore we conclude that, due to the variability in the responses, 
and to the small sample size, a decay of performance in the monocular PCR is 
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Figure 5.9: Percentage of correct responses as a function of the categorised 
glaucomatous visual field defect (N=10 patients + 5 normals). The numbers on abscissa 
denotes the glaucoma category 
 
Result 3:  Analysis of the annulus gain (AG) and full field gain (FG) 
 
 
In order to determine which stimulus (motion or static) is more specific to detect the 
glaucomatous defect, an alternative analysis was performed.  For this analysis we first 
define the annulus gain (AG) as the difference in performance between the PCR 
annulus test and PCR 30 deg test, and full-field gain (FG) as the difference in 
performance between the  PCR full field and PCR 30 deg. 
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Result 3a:  Decrease in the gains amongst glaucoma category 
 
Both the AG and the FG are plotted for each glaucoma category as shown in Figure 
5.10. They vary clearly as a function of the AGIS score for the motion tests but are 
rather constant for the static test. Therefore the motion test yields a specific decrease of 
the performance for the annulus area, whereas such a decrease is not seen with the 
static test. 
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Figure 5.10: Annulus gain and Full field gain as a function of glaucoma category (N= 
10 patients + 5 normals).  The numbers on abscissa denotes the glaucoma category 
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Result 3b:  Comparison of mean gains in the normals and glaucoma 
 
The mean gain of the 2 eyes, for the annulus gain and full-field gain, is compared in 
normals and patients (Figure 5.11). The normal subjects have positive mean gains 
indicating that they have better performance for the peripheral or the full-field tests, 
than for the central tests.  For patients, these positive gains decrease in all cases 
(annulus and full-field for both motion or static) and this decrease is significant for the 
annulus gain for both the static and motion tests (Table 5.4). 
 






















 Figure 5.11: Comparison of mean annulus gain and full field gain in normals and 
patients (N= 10 patients + 5 normals) 
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Table 5.4:  Mean values of gains in normals and patients and t-test results (N = 9 
patients + 5 normals) 
Mean gain of 2 eyes Tests Normals Patients t-value df p 
Annulus 19.58 3.94 -2.23 12 0.05  
Motion Full field 20.42 5.79 -1.58 12 0.14 
Annulus 2.92 -8.33 -2.35 12 0.04 
Static Full field 15.00 9.49 -1.10 12 0.29 
 
 
Therefore an overall drop of performance occurs within the annulus field for patients, 
with reference to central vision. This happens for the motion and static tests, and fails 
to reveal a specificity of the drop for motion tests. 
 
Result 3c: Difference of the gains vs  the difference of AGIS score 
 
 
In Figure 5.12, the interocular differences for the annulus gains and full field gains 
(∆(AG) and ∆(FG) respectively) are plotted as a function of the interocular difference 
in AGIS score ∆AGIS. As ∆AGIS increases, ∆(AG) and ∆(FG) tend to decrease. The 
only gain, which presents a significant negative correlation for the interocular 
difference, with ∆AGIS is the annulus gain (annulus-center) for the motion test. This is 
true for the total population of 14 subjects (Table 5.4), and also with patient ‘WTP’ 
(Table 5.5). Therefore, among the interocular gain differences, ∆(AG) yields the most 
significant co-variations with ∆AGIS.  
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DIFFERENCES IN ANNULUS AND FULL FIELD GAINS (RE-LE) vs DIFFERENCE IN AGIS SCORE
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Figure 5.12:  Differences of the right and left eye annulus gains and full field gains as a 
function of the difference in AGIS scores of right and left eye (N = 10 patients + 5 
normals) 
Table 5.5:  Correlations of the differences in  right and left eye gains and AGIS score 
Annulus Gain Full Field Gain Number of 
Subjects 
 
Stimulus r p r p 
MOTION -0.55 0.03 -0.45 0.09  
9 patients + 
5 normals STATIC - 0.01 1.00 0.41 0.13 
MOTION -0.72 0.003 -0.50 0.06  
10 patients 
+ 5 normals STATIC - 0.17 0.54 0.00 1 
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 5.6 Discussion 
 
In summary, we find that 
• a significant decrease in performance for both motion and static 3D cues 
occurs in the annulus and full field, as the severity of glaucoma damage 
(AGIS score) increases.  
• the inter-subject variability for the static tests is higher than for the motion 
tests. Due to this difference in variability, and also because the 
performance for static tests seems to depend on the AGIS score, the results 
do not support a specificity of the visual defect for the motion tests.  
• the analysis of the interocular differences in gains and the interocular 
differences in AGIS scores suggest that the loss of performance for the 
annulus field, as compared to the central field, is more closely related to 
the severity of the glaucoma for the motion test than for the static test.  
 
In glaucoma, random dot kinematograms have often been used to test visual motion 
function in small field vision.  Our test is more directly related to the ability of an 
observer to perceive 3D structure from motion parallax or from static texture cues in 
large field vision. In the motion parallax test, the perception of fine differences in 
visual motion, as measured in a test of discrimination between spherical and planar 
surfaces was targeted. 
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In experiment 1 the perception of the shape of 3D objects from motion and static cues 
was compared in the elderly and young subjects with normal vision.  We found no 
significant difference in performance for both motion and static tests in the two 
groups.   The results suggest that an adequate level of performance is obtained in the 
elderly so that this test could be used to measure and compare the performance in the 
glaucoma patients of the same age group.   
 
The significant dependence of performance on the AGIS score is confirmed using the 
model 2 through the constant 'a' for all the motion and static tests except in the central 
field. For models 1 and 2, the motion test with the annulus field is the test that yields 
the most significant dependency on the AGIS score (this is true with and without 
subject WTP). Therefore the annulus motion test is the one that captures the effect of 
glaucoma with the highest accuracy.   In the central field, the difference of 
performance between the 2 eyes is clear only for subject WTP because of his large 
difference of AGIS score between the 2 eyes (left eye: AGIS score = 2; right eye: 
AGIS score = 20). This is in agreement with the fact that central vision is relatively 
spared till an advanced stage of the disease.  This can be due to either the sparing of 
the central vision pathway or to an increased redundancy in central vision (Johnson, 
1994). 
 
When measured from the standard deviation or the range between the 10% and 90% of 
the responses (i.e. the central interval containing 80% of the responses) we observed 
that the inter-subject variability for the static tests was about 1.5 or 2 times higher than 
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for the motion tests. Because of this difference in variability, and also because the 
performance for static tests seems to depend on the AGIS score (this is seen 
statistically in ‘result 1’ and graphically in ‘result 2’), our results do not support a 
specificity of the visual defect for the motion tests. Also in Group 4 (AGIS score ≥ 8) a 
decrease in performance from central field to annulus and full field to annulus is 
evident for both motion and static tests.  This suggests that at AGIS score of 8 and 
above, the performance is severely affected in the periphery for both types of tests.  
The lower performance observed here is because the peripheral retina has reduced 
redundancy. 
 
The analysis of the gains (difference in performance between the annulus and center 
field, or between the full-field and center field) was done in order to see which test 
would be specific of glaucoma damage. There was a decrease in the annulus and full 
field gains with increase in amount of glaucoma for the motion test, as compared to the 
static test. However, in the static test, the gains did not show much dependence on the 
severity of the glaucoma categories. This effect may be interpreted by three possible 
reasons i) the high variability observed for the static test lowers the dependence of the 
gains on the severity of glaucoma ii) there may be a higher impairment in processing 
of 3D shape from motion as compared to processing of static shape with severity of 
glaucoma damage and iii) different visual functions are evaluated in these tests, hence 
one may infer that the damage that occurs to the ganglion cells which mediate the 
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static test either does not progress with the severity of glaucoma or these cells reach 
maximum damage at the early stage itself. 
 
A comparison of the mean annulus and full field gains in patients and normals shows a 
significant difference only for the annulus gain, for both motion and static tests.  This 
tends to support no specific deficit for the motion tests. On the contrary, the interocular 
difference between the gain correlates well with the interocular difference between 
AGIS scores for the motion test only.  This supports the specificity of the defect for the 
motion test.  However, the first result is obtained by grouping all eyes of patient’s and 
comparing them with all normal eyes. By contrast, the second result concerns the fine 
changes of the gains with AGIS score, from the left to the right eye.  Even in the static 
test, we observe a decrease in the gain with increase in AGIS score however the 
correlation is not significant due to high variability in the performance.  
 
In any case, the fact that we do not observe a significant difference between the gain 
average of the normals and patients for the static test does not allow us to conclude on 
a specific deficit for the motion test.  In addition, model 2 shows a significant 
dependence of the responses on the AGIS score for both motion and static tests.  So 
again, this does not argue in favour of a pure motion type deficit. 
 
From the literature, it is known that in glaucoma motion sensitivity decreases at large 
visual angles and also the perimetric test for motion sensitivity has the power to 
diagnose glaucoma although not implemented clinically (Joffe et al, 1997). We 
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therefore investigated whether it is justifiable for the severity of glaucoma damage 
detected by the 24-2 HFA to be compared to the full field and annulus for the motion 
and static stimuli. Indeed, we found that there is a significant correlation in both 
motion and static tests for the annulus and full field and the losses are more specific 
for motion tests than static tests. Therefore the results of this study suggest that in 
glaucoma diagnosis attention should also be paid to those peripheral retinal areas lying 
outside the conventionally tested central 30 deg.  Our results are in agreement with 
(Velten et al, 1999) who reported that evaluation of temporal contrast sensitivity 
(targets mainly the M pathway) in the peripheral retina 30-90 deg has the diagnostic 
power for early glaucoma. 
 
The best-known psychophysical test exploring the very far periphery in glaucoma 
diagnosis is the conventional kinetic Goldmann perimetry, which use light spots that 
are moved along various meridians from the outer edges of the visual field towards its 
centre. However, programs typically used for early glaucoma diagnosis in an 
automated static perimetry also concentrate on the central 30 deg of the visual field, 
for e.g. octopus G1 and the HFA use 24-2 or the 30-2 programs for both white on 
white and blue on yellow perimetry. Even the modern sensory (high pass resolution 
perimetry, frequency doubling perimetry and motion perimetry) tests that are designed 
for detecting early glaucomatous losses usually probe the central 30 deg of the visual 
field.   
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Due to the small sample size of this pilot study, it is not possible to test whether the 
changes occurring at an early stage of glaucoma are significant. Our results do not 
support a specific deficit for motion cues, but demonstrate that this deficit has rather 
strong spatial specificity. The losses in motion perception might be more localized in 
the peripheral field, whereas in static perception they are more uniformly spread. The 
reduced inter-subject variability for the motion test, might explain its better negative 
correlation with the AGIS score. The results show promising directions and call for a 
study on a larger number of subjects. The test can be refined further by adjusting the 
parameters such as speed, level of illumination, to specifically target the M pathway. 
Also, by using a chin rest, the head and eye movements could be minimised. The 
perspective is to develop a test based on motion cues and to compare the losses in the 
annulus with respect to  the centre field. 
 
In summary, our study does suggest that glaucoma patients have difficulty perceiving 
the 3D space for both motion and static perspective cues. This ability is critical for any 
type of navigation (driving, using staircase, locomotion) in a 3D environment. The 
results provide an insight into the perceptual and functional consequences of this 
disease and may be developed into a sensitive test of visual dysfunction.  
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C h a p t e r  6  







The main aim of the thesis was to investigate the impairment in processing of optic 
flow information in glaucoma for two important functional roles of motion perception 
namely postural control and perception of 3D shape. This investigation was conducted 
in large field vision in order to understand the behavior of the patients in processing of 
motion information that is required for our daily activities such as driving, walking and 
using stairs.  
 
Before investigating the stability in glaucoma patients, an experiment was conducted 
in Chapter 3 to evaluate whether the COP of feet sway or head sway measurement 
would yield consistent and less variability to determine the stability in subjects with 
normal vision. The results obtained from this experiment indicate that the postural 
stability using both the COP of feet and head sway velocities and RMS of positions 
yields consistent measurements. However, there was less variability in the velocity of 
the COP of feet sway and therefore we used this velocity to evaluate the stability in 
glaucoma patients. 
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In Chapter 4 the postural stability in glaucoma patients was assessed, when standing 
with or without a foam support. The results of this experiment indicate that glaucoma 
causes a decrease in stabilization of posture in monocular and binocular vision. This 
decrease is significantly correlated with the severity of glaucoma.  The stabilization 
in the ocular hypertensive (OHT) eyes was also lower than the normal vision group. 
Therefore, our results show a trend that the processing of visual motion is impaired 
even before the onset of visual field defects, as detected with differential light 
sensitive perimetry.  
 
It is also observed that binocular stabilization depends linearly on the mean of the 
monocular stabilization of the two eyes.  On the contrary, binocular stabilization also 
has some dependency on the difference in stabilization of the two eyes. Our results 
suggest that patients with high asymmetrical glaucoma may have more difficulty in 
maintaining the stability than in the patients with equal amount of glaucoma damage 
between the two eyes.  Another interesting result is that none of the patients showed a 
destabilization effect, in binocular or monocular vision. Alternatively, some amount 
of visual stabilization of posture is maintained even at advanced levels of glaucoma.  
It is quite difficult to make comparisons between the studies in literature as different 
methods are adopted to measure the postural sway. However, our results are 
consistent with other visual field related ophthalmic diseases such as retinitis 
pigmentosa (RP) (Turano et al, 1993) and age related macular degeneration (ARMD) 
(Turano et al, 1996) which demonstrates that there is a decreased contribution of 
vision towards postural stabilization with respect to subjects with normal vision.  In 
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these studies a sway-referenced platform was used to measure postural sway. 
Another study has reported significant changes in gait patterns in AMD patients 
(Spaulding et al, 1994). The decreased visual stabilization index obtained in our 
glaucoma population compared to normal vision subjects may be an indicator of 
inefficient mobility, which is supported by the fact that glaucoma patients have 
decreased mobility performance (Turano et al, 1993). 
 
In Chapter 5 the ability to perceive the 3D structure of objects from motion parallax 
(MP) cues, versus static texture (ST) cues was investigated in large field vision. The 
results obtained show that there is impairment in the perception of 3D objects from 
motion and from static cues.  The performance decreases significantly as the severity 
of glaucoma damage increases for all stimuli, except for MP 30 deg. This result 
supports the notion of macular sparing until a late stage of glaucoma. In particular, 
motion tests show significant dependence on the severity of glaucoma damage as 
compared to the static tests.  The lower significance of the static test is partly due to 
its higher inter-subject variability.  The analysis of the gains (full field and annulus) 
points towards the peripheral motion annulus test as being the prime test, which 
correlates significantly with the severity of glaucoma. Therefore, it suggests that 
impairment in the perception of 3D shape from motion is specifically confined to the 
peripheral region, whereas the perception of static shape of objects is more uniformly 
spread through out the retina. This is in agreement with the fact that large optic nerve 
fibers that are preferentially lost early in glaucoma that in turn mediate motion are 
found predominantly in the periphery.  
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A specific drop in the performance of motion test within the annulus field, as 
compared to the central field, supports the view that losses in the M pathway 
concentrate mainly in the peripheral field, whereas P (parvocellular) losses are more 
uniformly spread. Due to the small sample size of this pilot study, it was not possible 
to test whether these changes occur at early stages of glaucoma.  
 
In POAG, the visual field loss progresses slowly, and patients only becomes aware 
of impaired visual orientation when both eyes have considerable visual field defects. 
However, our findings concern not only glaucoma patients with visual field defects, 
but also those patients with elevated pressures but no visual field defects (OHT). We 
observe a trend that the visual stabilization decreases even with the AGIS score of 
zero for patients (OHT), as compared to normals.  Therefore, the processing of visual 
motion may be impaired in these glaucomatous eyes, and lead to problems during 
locomotion.  In addition, it has been demonstrated in Chapter 5 that the perception of 
3D space is defective in glaucoma patients for objects that are in motion, as well as 





In conclusion, our results indicate that glaucoma causes an impairment in the 
processing of motion information for (1) postural stability and (2) the perception of 3D 
shape of objects from motion and static cues.  Together, these results demonstrate that 
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the daily activities that require the control of posture and perception of 3D shape are 
affected by glaucoma. 
 
6.3 Significant Results of the Thesis 
 
The significant results of the thesis are as follows: 
 Trajectories of COP of feet and head sway were evaluated and it was found that the 
velocity of COP of feet is faster and the amplitude variation of COP of feet sway is 
smaller as compared to head sway.  The stabilization using velocity of COP of feet 
is shown to have less variability than head velocity, also by taking the logarithmic 
value of the COP of feet velocity the variability is maintained constant. 
 Valuable insights are obtained on the stabilization of posture in regard to 
monocular and binocular vision for glaucoma subjects.  Specifically it is found that 
(1) this stabilization decreases as the AGIS increases, (2) even at advanced 
glaucoma stages, a residual stabilization is observed, (3) the stabilization is lower 
in the OHT group, as compared to normals.  The results obtained therein may 
suggest that visual motion processing deficits are present prior to onset of the field 
defects. 
 The visual perception of 3D shapes from motion parallax and static texture cues is 
significantly impaired in glaucoma.  This impairment is uniform for static cues, but 
affects more specifically the peripheral field for motion cues. The results obtained 
suggest that the losses in perception of 3D objects from motion are more specific 
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of the peripheral field than the losses in the processing static objects. These tests 
support the feasibility of them being applied to OHT to diagnose early glaucoma. 
 
6.4 Future Directions 
 
The results of the experiments in this thesis have led to new insights with respect to 
postural stability and 3D space perception in normals and glaucoma subjects.  More 
quantitative and qualitative analysis needs to be carried out in this respect. 
 
1. From the result of 3D-space perception, a psychophysical tool for wide field vision 
studies can be developed for the screening of glaucoma and the assessment of the 
3D deficits in other visual field related ophthalmic diseases. 
2. The postural stability and 3D space perception tests can also be used on OHT 
patients to evaluate deficits in motion processing. 
3. Our results point to the need of other behavioral studies that requires processing of 
optic flow information such as driving. The driving ability can be evaluated by 
using a driving simulator. This investigation can be conducted on both the 
glaucoma and the OHT group as it will shed light on the safety and risks of these 
patients on the roads. 
4. A specific determination of the risk of fallings in OHT and glaucoma patients 
would be complementary of our results, so as to determine the glaucoma stage at 
which the risks of fallings have to be taken into consideration and prevented.  
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Further experimentation can be done to evaluate motion processing specifically 
targeting the magnocellular pathway by refining the stimulus parameters (such as 
speed, level of illumination), using a chin rest to minimise the head and eye 
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APPENDIX – 2 
 
Patient information sheet & informed consent form (Postural 
Stability Study) 
 
A STUDY TO ASSESS THE AFFECT OF GLAUCOMA ON POSTURAL 
CONTROL 
 
Clinical Coordinators:             A/Prof. James Goh 
Orthopaedic Diagnostic Centre 
National University Hospital 
5 Lower Kent Ridge Road 
Singapore  119074 
 
A/Prof. Paul T.K. Chew  
Department of Ophthalmology 
National University Hospital 
5 Lower Kent Ridge Road 
Singapore  119074 
 
 
Trial coordinators: Dr.Valérie Cornilleau-Pérès 
Laboratoire de Physiologie de la Perception et de 
l’Action,  
CNRS, Paris, France. and 
Singapore Eye Research Institute 
Singapore Polytechnic 
Joint Vision Research Lab 
W212, 500 Dover Road 
Singapore 139651 
 
Dr. Noor Shabana 
NUS/Singapore Eye Research Institute 
Singapore Polytechnic 
Joint Vision Research Lab 










This study aims to understand how eye disease can modify vision, and the ability to 
maintain equilibrium (balance). 
 
We would like you to take part in a study  that will assess your ability to maintain your 
equilibrium (balance).  The information sheet contains details for conducting this 
study. 
 
If you suffer from an eye disease, your participation will be essential for a better 
understanding of this disease.  In particular, it will guide the doctors in warning their 
patients about the safety in different situation like walking and going up or down the 
staircase. 
 
If you do not suffer from any eye disease, your contribution will serve as a baseline to 





It is expected that you will not experience any discomfort during the experiment.  
However, both of your eyes will be covered  in this experiment.  
 
If you are considered suitable for enrolment into our study, you will be asked to 
perform the experiment after signing the consent form.  
 
The STANDING experiment. In condition one you will be asked to stand with open or 
closed eyes on a platform “which is sealed in the floor and is at the floor level”. In 
condition two you will be asked to stand on rubber foam with flat rigid surface on the 
top. This is done to cut down the sensory information from the joints and muscles of 
the leg. 
  
The experiment will take about 40 minutes and will be done at the Orthopaedic 
diagnostic center located at NUH. 
 
The experiments will be done on the same day you sign the consent form or with an 
appointment on a day convenient to you. 
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INJURY SUSTAINED DURING THE STUDY 
 
In the unlikely event that you require medical treatment as a direct consequence of 
participation in this study, we shall provide you with such medical treatment as may be 
appropriate in accordance with generally accepted standards. 
 
 
Voluntary Participation & Confidentiality 
 
Participation in this study is entirely voluntary, and you may withdraw at any time, 
without giving a reason. 
 
Strict confidentiality will always be maintained.  Your name will not appear in any 
publication produced from this study. If you have any questions about the study 
before, during or after it is completed, please contact  
 
 





This study has been explained to me in a language (--------------) I understand.  All my 
queries have been satisfactorily answered. I understand that participation in entirely 
voluntary and that I have the right to withdraw from the study at any time without 






















You will be given a traveling allowance of $ 20. 
 
 161
Information sheet and informed consent (controls) 
 
A STUDY TO ASSESS THE AFFECT OF GLAUCOMA ON POSTURAL 
CONTROL 
 
Clinical Coordinators:             A/Prof. James Goh 
Orthopaedic Diagnostic Centre 
National University Hospital 
5 Lower Kent Ridge Road 
Singapore  119074 
 
A/Prof. Paul T.K. Chew 
Department of Ophthalmology 
National University Hospital 
5 Lower Kent Ridge Road 
Singapore  119074 
 
 
Trial coordinators:               Dr.Valérie Cornilleau-Pérès 
Laboratoire de Physiologie de la Perception et de 
l’Action,  
CNRS, Paris, France. and 
Singapore Eye Research Institute 
Singapore Polytechnic 
Joint Vision Research Lab 
W212, 500 Dover Road 
Singapore 139651 
 
Dr. Noor Shabana 
NUS/Singapore Eye Research Institute 
Singapore Polytechnic 
Joint Vision Research Lab 








This study aims to understand how eye disease can modify vision, or the ability to 
perform certain tasks such as walking and maintaining equilibrium.   
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We would like you to take part in a study that will assess your ability to maintain your 
equilibrium.  The information sheet contains details for conducting this study. 
 
If you do not suffer from any eye disease, your contribution will serve as a baseline to 





It is expected that you will not experience any discomfort during the test.  However, 
both of your eyes will be covered during experiment.  
 
If you are considered suitable for enrolment into our study, you will be asked to 
perform the experiment after signing the consent form.  
 
The STANDING experiment. In condition one you will be asked to stand with open or 
closed eyes on a platform “which is sealed in the floor and is at the floor level”. In 
condition two you will be asked to stand on rubber foam with flat rigid surface on the 
top. This is done to cut down the sensory information from the joints and muscles of 
the leg. 
 
The experiment will take about 40 minutes and will be done at the Orthopaedic 
diagnostic center located at NUH. 
 
The experiments will be done on the same day you sign the consent form or with an 
appointment on a day convenient to you. 
 
Voluntary Participation & Confidentiality 
 
Participation in this study is entirely voluntary, and you may withdraw at any time, 
without giving a reason. 
 
Strict confidentiality will always be maintained.  Your name will not appear in any 
publication produced from this study. If you have any questions about the study 
before, during or after it is completed, please contact 
 
  





This study has been explained to me in a language (--------------) I understand.  All my 
queries have been satisfactorily answered. I understand that participation in entirely 
voluntary and that I have the right to withdraw from the study at any time without 





















INCENTIVE FOR THE SUBJECTS 
   
You will be given a traveling allowance of $ 20. 
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APPENDIX - 3 
 
Questionnaire For Postural Sway Study On Glaucoma 
 
1. Do you suffer from any pain or stiffness in your arms, legs neck or back? 
No Yes 
 
2. Do you have difficulty or need any help with bathing or dressing? 
No Yes 
 
3. Do you have difficulty putting socks or cutting toenails? 
No Yes 
 
4. Do you have difficulty combing your hair? 
No Yes 
 
5. Do you experience blur vision? 
No Yes 
 
6. Do you have difficulty-reading books? 
No Yes 
 
7. Do you have difficulty reading street signs or shop signs? 
No Yes 
 
5. Do you have difficulty walking in familiar areas? 
No Yes 
 
6. Do you have difficulty walking in unfamiliar areas? 
No Yes 
 
7. Do you have difficulty going up the stairs (with glass/without glass)? 
No Yes (Little, Moderate, Great deal, Unable to do without help) 
 
8. Do you have difficulty going down the stairs (with glass/without glass)? 
No Yes (Little, Moderate, Great deal, Unable to do without help) 
 
9. Do you have difficulty moving about outdoors? 
No Yes 
 
10. Do you have difficulty moving indoors? 
No Yes  
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11. Do you bump into things (walls, open cabinets)? 
No Yes 
 
12. Do you trip on things 
No Yes 
 
13. Have you fallen in the last year? (Unintentionally coming to rest on the ground or 
at some lower level) 
No Yes 
 
14. Have you had a fear of falling in the last year? (Worried about falling or being 
frightened of falling) 
No Yes 
 
15. Do you have sensation of vertigo/dizziness? 
             No Yes 
 
16. Do you have sensation of loss of balance? 
If so when: 
 
17. Do you currently drive a car or ride a motorbike? 
Noise If yes answer (q. 18), if no answer (q.19) 
 
18. Do you have any difficulty driving during the day because of your vision? 
No  Yes 
 
19. In the past, did you drive a car or a motorbike?  
No  Yes  If no stops here, if yes answer (q. 20, and 21) 
 
20. When did you stop driving? 
1. Less than 6 months ago      2. 6-12 months ago       3. More than 12 months ago 
 
21. Why did you stop driving? 





APPENDIX - 4 
 
Patient Information Sheet and Informed Consent Form (3D Study) 
 





A/Prof. Paul T.K.Chew 
Department of Ophthalmology 
National University Hospital 
5 Lower Kent Ridge Road 





Laboratoire de Physiologie de la Perception et de  
l’Action, CNRS, Paris, France and 
Singapore Eye Research Institute 
Singapore Polytechnic 
Joint Vision Research Lab 
W212, 500 Dover Road 
Singapore 139651. 
 
Dr. Noor Shabana 
NUS/Singapore Eye Research Institute 
Singapore Polytechnic 
Joint Vision Research Lab 









This study aims to understand how eye disease can modify vision, or the ability to 
perform certain tasks such as perceiving distances, walking, going up or down the 
staircase and driving. 
. 
We would like you to take part in a study that will assess your ability to perceive the 
3D shape of objects. The information sheet contains details for conducting this study. 
 
If you suffer from an eye disease, your participation will be essential for a better 
understanding of this disease. In particular, it will guide the doctors in warning their 
patients about the safety in different situations like walking, going up or down the 





It is expected that you will not experience any discomfort during the test.  However, 
one of your eyes will be covered during experiment. 
 
If you are considered suitable for enrolment into our study, you will be asked to 
perform two experiments after signing the consent form.  
 
1. The SPHERE test. You will be shown images on a screen, and you will be asked 
to   indicate whether you have seen a spherical surface (ball like) or a flat surface. 
This test will take about 40 minutes. 
 
The experiments will be done on the same day you sign the consent form or with an 
appointment on a day convenient to you at the Department of Ophthalmology National 
University Hospital, Singapore.  
 
 
INJURY SUSTAINED DURING THE STUDY 
 
In the unlikely event that you require medical treatment as a direct consequence of 
participation in this study, we shall provide you with such medical treatment as may be 







Voluntary Participation & Confidentiality 
 
Participation in this study is entirely voluntary, and you may withdraw at any time, 
without giving a reason. 
  
Strict confidentiality will always be maintained.  Your name will not appear in any 
publication produced from this study. If you have any questions about the study 
before, during or after it is completed, please contact 
 
  






This study has been explained to me in a language (--------------) I understand. All my 
queries have been satisfactorily answered.  I understand that participation is entirely 
voluntary and that I have the right to withdraw from the study at any time without 











_________________________  ______________________________ 










You will be given a traveling allowance of $ 20.  
Information sheet and informed consent form (controls) 
 
 





A/Prof. Paul T.K.Chew 
Department of Ophthalmology 
National University Hospital 
5 Lower Kent Ridge Road 





Laboratoire de Physiologie de la Perception et de  
l’Action, CNRS, Paris, France and 
Singapore Eye Research Institute 
Singapore Polytechnic 
Joint Vision Research Lab 
W212, 500 Dover Road 
Singapore 139651. 
 
Dr. Noor Shabana 
NUS/Singapore Eye Research Institute 
Singapore Polytechnic 
Joint Vision Research Lab 







This study aims to understand how eye disease can modify vision, or the ability to 
perform certain tasks such as perceiving distances, walking, going up or down the 
staircase and driving. 
. 
We would like you to take part in a study that will assess your ability to perceive the 
3D shape of objects. The information sheet contains details for conducting this study. 
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If you do not suffer from an eye disease, your participation will serve as a baseline, to 




It is expected that you will not experience any discomfort during the test.  However, 
one of your eyes will be covered during the experiment. 
 
If you are considered suitable for enrolment into our study, you will be asked to 
perform two experiments after signing the consent form.  
 
1. The SPHERE  experiment. You will be shown images on a screen, and you will be 
asked to indicate whether you have seen a spherical surface (ball like) or a flat 
surface. This test will take about  40 minutes. 
 
The experiment will be done on the same day you sign the consent form or with an 
appointment on a day convenient to you at the Department of Ophthalmology National 
University Hospital, Singapore.  
 
 
Voluntary Participation & Confidentiality 
 
Participation in this study is entirely voluntary, and you may withdraw at any time, 
without giving a reason. 
 
Strict confidentiality will always be maintained.  Your name will not appear in any 
publication produced from this study. If you have any questions about the study 
before, during or after it is completed, please contact 
 
 






This study has been explained to me in a language (--------------) I understand. All my 
queries have been satisfactorily answered.  I understand that participation in entirely 
voluntary and that I have the right to withdraw from the study at any time without 















Name of Witness Signature 
 
 
INCENTIVE FOR THE SUBJECTS 
 
You will be given a traveling allowance of $ 20.  
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APPENDIX - 5 
 
Instructions To The Test Subjects For The 3d Test 
 
There are two phases to the experiment (1) learning stage and (2) experimental stage 
 
(1) Learning stage 
You will be guided through the experiment 
 
(2) Experimental stage  
 
You will be doing the experiment independently.  
 
1. Please make sure you are seated comfortably in the chair. The experiment will be 
conducted in a dark room and one of your eyes will be closed. 
  
2. You will be shown two dotted surfaces on a large screen. The dotted surfaces will 
be either spherical surface (bowl) or flat surface. You will have to give your 
answer by pressing the button. There is a + mark at the centre of the surface.  
Please keep looking at that + mark while you give your answer. 
 
3. To begin the experiment click on the left mouse button.  If the surface appears like 
a sphere click on the left mouse button and if it flat surface click on the right 
mouse button.  
 
4. If you think you have made a mistake you can click on the correct mouse button 
again.  
 
5.  To confirm your answer click once again on the correct mouse button. 
 
6. After you have confirmed the answer another surface will appear and you will 
answer in a similar way. 
 
7.  To pause between the experiments do not give your answer. 
 
Thank you for your time and cooperation 
 173
Verbal Report After The Experiments 
 
 
1. Were you comfortable during the experiment? 
 Yes   No    
Comments___________________________________________________ 
 

























Thank you for your time and cooperation 
 
Date:___________________ 
Signature:____________________ 
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